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Preface
In the mid-2000s, a new quantum state of topological insulators was proposed.[81]
It deeply refreshed the traditional understanding of electronic band structure, which
has been the most fundamental tool to classify metals and insulators. Topological
insulators with non-trivial topological charges can host robust surface states or edge
states located in the bulk bandgap. To understand this new state, an understanding of
the bandgap is not sufficient, and it led to the new field of topological band theory in
condensed matter physics. The development of electronic band structure theory also
inspired the understanding of topological band theory from the chemical point of view
and results in the new topic of topological chemistry.[6]
The discovery of topological insulators motivated extensive studies of solid-state
materials from topological theory, leading to many topological materials in both
insulators and metals. In the last 15 years, various topological materials characterized
by different topological electronic structures have been discovered.[81, 125, 70, 3, 144]
One of the most important features shared by all different topological materials is the
topologically protected non-trivial surface states (TSSs). Such TSSs are essentially
different from the dangling bonds because they connect to conduction bands and
valence bands in insulators or bulk band crossings in metals. The extra perturbation
can only change their detailed shape but not remove them. This characteristic makes
TSSs attractive for practical applications in the quantum information process, data
storage, and energy conversion. In particular, the robust surface state is an attractive
property that benefits energy-related catalysis. The last few years have seen research in
this field with a focus on developing efficient topological material catalysts for hydrogen
evolution reaction (HER), oxygen evolution reaction (OER), and reduction.[94, 61, 130,
137, 60, 58, 11, 39] To date, the topological catalyst has become a new frontier in both
chemistry and materials science.
Within the scope of this Ph.D. thesis, several topological semimetals and their HER
activity are studied with the help of density functional theory, electrochemical theory,
and topological band theory, combined with experimental measurements performed
within the workgroup. The spectrum of performed projects ranges from the theoretical
design of the high-efficiency hydrogen evolution catalyst with the guidance of topology
in close collaboration with experiments and in-depth understanding of the relationship
between topological properties and catalysis. These results are presented in the thesis
as follows:
Chapter 1 begins with the concept of topology, topological materials, and classic
catalytic processes. We discuss the underlying relationship between topological proper-
ties and catalytic reactions. We then summarize and comment on the recent progress in
the development of topological catalysts for classic reactions, including water splitting
and fuel cells, and then, elaborate on our motivation and objectives.
v
Chapter 2 establishes the theoretical background and the used methods for the ab
initio calculations. Firstly, an overview of the theoretical basis of the Berry curvature,
which is essential to the study of the topological properties of a system is given.
Subsequently, some important theoretical basis for the classification of topological
phases is briefly discussed in terms of the band structures and the Berry phase of
the wave function. Then, the theoretical framework of DFT and the methods used
for the calculations are presented. Finally, the Gibbs free energy calculation and its
importance and nuclear quantum effects for reactions involving hydrogen are discussed.
Chapter 3 opens with a discussion of current limitations for topological materials
as catalysts. With the understanding of the traditional d-band center theory and TSSs,
we propose a new strategy of topological engineering of Pt-group-metal-based chiral
crystals for breaking the considered limitations and make a systematical calculation
and analysis for the typical topological chiral semimetals of AlPt, PtGa, PdGa, and
RhSi hydrogen evolution catalysts. The chapter describes that PtAl and PtGa chiral
crystals are promising HER electrocatalysts and the large Fermi arcs are crucial to
surface catalytic reaction.
Chapter 4 presents a further study of topological chiral semimetals in which the focus
shifts to the modulation of the metal-support interaction (MSI) through topological
effects. In the first part of the chapter, the stability and HER activity of various
transition metal catalysts deposited on the topological chiral crystals of PdGa are
discussed. The results enable us to identify the optimal HER catalyst, W/PdGa.
Subsequently, the interaction mechanisms that result in the extensively reshaped d
electronic states of the deposited W, and the resulting observation of Pt-like HER
activity on the W/PdGa catalyst are discussed. The predictions are finally confirmed
by experiments performed within the workgroup. The results presented on this chapter
reveal the manipulation of the interplay between topological chiral surface states and
the MSI, which is a new method of developing highly efficient electrocatalysts.
Chapter 5 describes our proposal for the synergistic use of trivial surface states
and nontrivial TSSs to activate the inert basal plane for hydrogen evolution. The
TMDs-like topological semimetal Nb2S2C is taken as a model material. We report the
first successful activation of the inert basal plane by the simultaneous utilization of
trivial surface states and nontrivial TSSs. The synergistic effect between TSSs and
dangling-bond surface states reduce the Gibbs free energy, and Nb2S2C appears close
to the top of the volcano plot. These general rules have allowed us to identify more
topological materials with active surfaces.
In chapter 6, the idea of extracting a pure intrinsic physical parameter that is
relevant to catalytic efficiency , projected Berry phase (PBP), is reported. Here, a
linear relation between the PBP and the exchange current for HER is found and
employed for the investigation of possible real material for high-efficient hydrogen
evolution catalysts.
In the last chapter, 7, we give a summary of this Ph.D. project and discuss the
challenges and controversies for topological catalysis.
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H2,  CH3OH,  NH3…
H2O,  CO2,  N2…
The using of the different language between chemists and physicists to describe topology
makes topological catalysis happens.
The content presented in this chapter are submitted to the journal of Chemical
Society Reviews. The manuscript was mainly prepared by myself, with comments,
remarks, and modifications by G. Li and Y. Sun.
1
1. Introduction
Topological phases of matters are an active research topic because of their multiple
applications, including in quantum computers and energy-efficient devices. The last
decade has witnessed a growing interest in experimental chemistry-heterogeneous
catalysis, asymmetry synthesis, among others, but there remains a lack of understanding
of how topological properties interact with the reaction processes from the viewpoint
of chemistry. Although there are many overlaps between chemistry and condensed
matter physics, they often view a given material from different viewpoints. In chemistry,
chemical bonding in real space is a fundamental natural language to describe the state
of materials. In contrast, physicists usually try to understand materials from their
electronic band structures in momentum (also called reciprocal) space. Thus, a critical
review on the chemical properties of topological materials is urgent, which is not only
important for the design of highly efficient catalysts for clean energy production and
carbon neutrality, but also provides an alternative tool to understand and tailor the
topological properties for physicists, chemists, and material scientists.
In this chapter, we begin with the concept of topology and topological materials
and then attempt to uncover the underlying relationship between topological properties
and catalytic reactions. Further, we summarize the recent progress in the development
of topological catalysts for classic reactions, including water splitting and fuel cells,
and finally elaborate on our motivation of objectives of this Ph.D. thesis.
1.1 Topology and topological phase materials
1.1.1 History of topology in solid states
With the aid of quantum mechanics, it is possible to attain a fundamental un-
derstanding of the chemical bonding and physical properties of atomic, molecular,
and solid-state systems. Later, Bloch applied quantum mechanics to develop a model
for the description of the particles in a periodic potential, which leads to states that
extended into an entire crystal and exhibit Bloch’s character there. In Bloch’s frame-
work, the many physical phenomena of solid-state matter, such as metallic versus
insulating behavior, magnetism, and superconductivity, can be well-understood, where
the band structure of occupied and unoccupied states is of tremendous importance for
understanding these behaviors.
However, Bloch’s framework can’t explain phenomena some phenomenon, such
as the quantum Hall effect which was discovered by Klitzing et al.[44] They found
that the Hall conductance of two-dimensional (2D) electron systems subjected to low
temperatures and a strong magnetic field is quantized and takes the precise value of
σxy=Ce2/h, where C an integer. Thus, the concept of topology was introduced to
explain this feature.
Topology originates from mathematical investigation of geometric objects. It studies
the preserved properties of geometric objects under continuous deformations that are
characterized by some special quantities, namely topological invariants. One such
topological invariant is the Euler number (commonly denoted by χ), which characterizes
the different shapes of polyhedral surfaces. For example, if we consider an orange,
doughnut, and coffee mug, the coffee mug can be smoothly deformed into the doughnut,
as shown in Figure 1.1(a), but it cannot be deformed into an orange. Therefore, the
doughnut and coffee mug are topologically equal with the same topological invariant of
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Figure 1.1: (a) Three objects differ in their Euler number, χ. χ = 0 for the doughnut
and coffee mug and χ = 2 for the orange. (b) The parallel transport of a vector around
a closed path on a sphere. After going through a closed path, the vector reaches the
initial point but leads to an angular difference between initial and final vectors. (c)
The Berry phase, Berry curvature, and Berry connection is analogy to the magnetic
flux, magnetic field, and vector potential of a magnetic field, respectively.
χ = 0, whereas the orange is in a different topological class with χ = 2.
Topologically distinct phases can also be found in solid-state systems in which the
information about the topology of the material is encoded in its Bloch wave function
labeled by the momentum within a Brillouin zone (BZ) in the reciprocal space. For a
system under cyclic adiabatic evolution, the wavefunctions move through a parameter
space and acquire a path-dependent geometric phase factor, the so-called Berry phase
(γ), which was first introduced by Sir Michael Berry in 1984.[128] Classically, one can
consider the parallel transport of a vector around a closed path on a sphere. As shown
in Figure 1.1(b), the initial vector starts from the north pole of the sphere. After it
passes through a closed path and reaches the starting point again, it will result in
an angular difference α between the initial and final vectors. The Berry phase γ can
be expressed as a closed path line (L) integral of the Berry vector potential or Berry





According to Stokes’ theorem, the γ can be rephrased as a surface integral of the Berry
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ΩdS,Ω = ∇×A (1.2)
Intuitively, in momentum space, the Berry phase, Berry curvature, and Berry connection
can be viewed as the magnetic flux, magnetic field, and vector potential of a magnetic
field, respectively. Furthermore, as established by Chern and Simons,[19] the integral
of the Berry curvature of all occupied Bloch states in the valance bands over a BZ can







which is a topological invariant analog to the Euler number discussed above. In
1982, Thouless et al. first related the Chern number to the quantization of the
Hall conductance of 2D electron systems,[115] and later, the Chern number was well-
established to characterize the topology of different quantum states. The detailed
mathematical derivation of these parameters and their connections will be given in
chapter 2.
1.1.2 Classification of topological materials
Topological materials can be classified into different quantum phases based on the
topological Berry phase and band-structure characteristics. The two most widely studied
classes are Z2 topological insulators (TIs) and topological semimetals. Topological
semimetals can be further divided into Weyl semimetals (WSMs), Dirac semimetals,
nodal line semimetals, and others. In this section, we first discuss the difference between
the trivial insulator and TIs, and then the various topological semimetals are cataloged
based on their specific features.
Similar to trivial insulators, TIs are, theoretically, quantum materials that are also
bulk insulators with a global gap. Thus, no classification can be made when evaluating
only the energy dispersions of these two phases. However, a clear distinction arises
when the band topology is taken into account by considering the wavefunctions and
computing the topological invariant based on the Berry phases. It is noted that the
topological invariant of the Chern number defined above cannot be used to classify
trivial insulators and TIs because the Chern number of TIs remains zero owing to the
presence of time-reversal symmetry (TRS). Thus, another topological invariant, the Z2
number, was developed by Kane et al. and utilized to distinguish the trivial insulator
and TIs with Z2 = 0/1 corresponding to the trivial insulator/TIs.[43] The detailed
theoretical basis and mathematical derivation of these topological invariants can be
found in chapter 2.
The trivial insulators and TIs can be classified in the widely studied Bi2Se3 family
of materials of space group R3̄m. Here, we have considered Bi2Se3 as an example of
TIs. Figures 1.2(a) and (b) show the band structures of Bi2Se3 without and with the
SOC, respectively. By comparing their band dispersions, one can see that both are bulk
insulators with a full gap of approximately 0.3 eV. However, when obtaining insight
into the orbital components around the Γ point, an inverse of the orbital contribution
is found in Bi2Se3 when SOC is considered, which indicates that band inversion occurs
4
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in Bi2Se3 system. Further calculation of the topological invariant of Z2 shows that the
Bi2Se3 has the Z2 numbers of 0 and 1 under the SOC off and on the case, indicating
that Bi2Se3 belongs to the TI.[144]
(a) (b) (c) (d)
Figure 1.3: Schematic representation of band crossing in (a) Weyl, (b) Dirac, (c)
Nodal line semimetal, and (d) unconventional fermion systems. Positive and negative
signs indicate the opposite chirality of the Weyl points.
Topological semimetals refer to systems with the presence of band touching either
at discrete points or along the lines in the momentum space, which is quite different
from trivial metals that are usually characterized by the shape of the Fermi surface.
For topological semimetals with band crossings at discrete points, the WSM and Dirac
semimetal are the two most famous representatives. To achieve the WSM, it requires
the materials to have broken inversion symmetry (IS), TRS, or both. All the bands
are thus singly degenerate and give rise to a twofold degeneracy of the band touching
point, the so-called Weyl point (WP). The most important feature of the WP is that
the Berry curvature becomes singular around the WP. Thus, the WP behaves like a
magnetic monopole in the momentum space and has a quantized chiral charge that
carries a non-zero Chern number of C = +1 or −1, and must be present in pairs with
the opposite chiral charge so that the total charge of the system is zero. Figure 1.3(a)
shows a schematic of the band crossing and a pair of WPs with opposite chiral charges
in the WSM. It is noted that the number of WP pairs depends on the symmetry of
the specific system. It is possible to obtain a minimum number of WP pairs of one in
TRS-breaking WSMs, but the IS-breaking WSMs have a minimum of two WP pairs
5
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Figure 1.4: Schematic for tun-
ing the anomalous Hall conduc-
tivity (AHC) via controlling in-
trinsic and extrinsic contribu-
tions in magnetic Weyl semimetal
Co3Sn2S2 (reproduced from refer-
ence [108] with permission from
WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim, copyright
2020).
because if one WP exists on -k0 in momentum space, there must be another one with
the same chirality that can present on -k0 owing to the presence of the TRS.
In 2015, TaAs family of compounds including TaAs, TaP, NbAs, and NbP were
predicted and then experimentally confirmed as the first IS breaking WSM.[126] While
for TRS breaking WSM, until recently, Co3Sn2S2 was discovered as the first magnetic
WSM with TRS breaking by our group.[66] Co3Sn2S2 crystallizes into a rhombohedral
structure (space group, R-3m, No. 166) that has an inversion center, triple rotation
axis, and three mirror planes. The out-of-plane magnetization was derived from the
kagome-lattice cobalt planes. One can find that the band crossings present along the
Γ-L and L-U high–symmetry lines in the spin-up band structure when spin-orbital
coupling (SOC) is not included. These gapless points form a nodal ring in the mirror
plane, and a total of six nodal rings are present in the BZ owing to the inversion
symmetry and triple rotation axis. Once the SOC is considered, each nodal ring is
gapped out owing to the broken mirror symmetry with only one pair of linear crossings
preserved in the form of Weyl points with opposite topological charges of +1 and
-1. Owing to the band entanglement around the nodal lines, the Berry curvature is
mainly distributed around the Weyl point and gapped nodal lines. This results in large
intrinsic anomalous Hall conductivity (AHC) and a giant anomalous Hall angle (AHA)
and can be tailored effectively by extrinsic contributions such as elemental doping.[108]
When the TRS and IS coexist, all the bands contain both the spin-up and spin-down
states and are thus twofold degenerate (Kramers degeneracy in quantum mechanics).
Therefore, the band crossing point is fourfold degenerate, called the Dirac point (DP),
which can be regarded as the overlap of a pair of degenerate WPs with opposite chirality.
The corresponding topological semimetal is the so-called Dirac semimetal, which was
first discovered in Na3Bi and Cd3As2.[70]
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Figure 1.5: (a) Crystal structure of topological chiral semimetal PtGa in the view of
[111] direction. The red arrow marks the right-helices formed by Pt. (b) Bulk band
structure of PtGa along the high-symmetry lines with SOC. The fourfold and sixfold
degenerate points carry the topological charges of +4 and -4.
Moreover, a more general situation is that the crossing occurs at a line or ring in the
momentum space. This line is the so-called nodal line that cannot be generated from
a generic electronic structure but needs special symmetric or topological conditions
to be stable. The degeneracy of the nodal line can be twofold, as observed in the
WSM, or fourfold, as in the Dirac semimetal. For example, the nodal line is also
present on the magnetic WSM Co3Sn2S2 when SOC is turned off, but it becomes
gapped out when SOC is considered because no symmetry can protect it anymore. The
symmetry-protected nodal line was recently found in PbTaSe2.[3] The corresponding
topological semimetals are called topological nodal-line semimetals.
Subsequently, new fermions, such as unconventional chiral fermions involving three-
, four-, or six-band crossings, have been proposed in solid-state systems.[8] These
fermions are protected by unique combinations of topology and crystalline symmetries.
In particular, when such multifold crossings are formed in chiral crystal structures,
these multifold fermions can feature higher Chern numbers than those in WSM, which
contributes to many exotic properties associated with Weyl physics. The recently verified
topological chiral semimetal of the PtGa family of compounds is such a case.[101, 140]
The special chiral structure symmetry protects the symmetry-enforced multifold band
crossings present at the high symmetry points of the BZ. As shown in Figure 1.5,
four-fold and six-fold degenerate points are presented at Γ and R, respectively, and
both of these multifold band crossing points carry a topological charge of ±4.
1.1.3 Topology in the language of chemistry
At the atomic limit, all electrons can be presented in the form of atomic orbitals.
By placing different atoms close to each other, their shell electrons hybridize with
each other via different types of chemical bonding, decreasing the total energy of the
systems at the same time. Chemical bonding can exist in both molecules and crystals
under periodic boundary conditions. In the latter case, the behavior of electrons can
be understood from a topological point of view. Let us consider the widely studied
topological insulator Bi2Se2 as an example to show how chemical bonding is related to
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the topology. Because the topological properties are dominated by electrons from the
Bi-6pz and Se-4pz orbitals, we will mainly focus on the evolution of these two orbitals.
The periodic table suggests that the shell electrons in Bi and Se are both p-electrons
with quantum numbers n=4 and 6, respectively. With spherical symmetry in the atomic
limits of Bi and Se, the three p-orbitals of px, py, and pz are degenerated in the energy
space, as presented in Figure 1.6(a). If Bi and Se atoms are close to each other, the
hybridization of electrons from two different atoms will decrease the total energy with
chemical bond formation, which can lead to the splitting of pxy and pz with symmetry
breaking. Meanwhile, the energy level can be broadened by chemical bonding, and its
width is strongly related to the distance between these atoms and electron localization,
as shown in Figure 1.6(b). Such bonding can exist in both molecules and crystals. As



















Figure 1.6: Schematic of atomic electronic energy level to electronic band structure in
crystals of Bi2Se3. (a) In the atomic limit, both Bi-6p and Se-4p orbitals are degenerate.
(b) The formation of chemical bonding breaks the symmetry and split pxy from pz. (c)
By putting Bi and Se into crystal Bi2Se3, energy levels evolute to k-space electronic
band structures. (d) SOC effect partially changes the occupation of bands for the
original Bi-6pz band and Se-4pz band, i.e. the band inversion along with a band gap
closing at the crossing point of the dashed lines between (c) and (d).
When the atoms of Bi and Se are close to each other and form crystals with periodic
boundary conditions in real space, we can introduce another parameter of lattice
wavevector k into the system via a Fourier transform, as shown in Figure 1.6(c). The
space indexed by the wavevector k is also called the reciprocal space counterpart to the
real space of the crystal lattice structure, where the periodic boundary condition with
lattice vector (a1, a2, a3) is translated into the periodic boundary condition into (b1,
b2, b3), following the relation of ai · bi = 2πδii (i=1,2,3). As the distance between Bi
and Se atoms decreases, the chemical bonding becomes stronger and has lower energy.
Correspondingly, the original energy level is extended to energy bands with a finite
8
















Figure 1.7: Calculated surface
energy dispersion of Bi2Se3. The
Dirac cone surface states can be
seen in the band structure.
bandwidth indexed by wavevector k. As presented in Figure 1.6(c), the ground state
of Bi2Se3 is fully occupied with an insulating band gap separating the occupied and
non-occupied states (or valence and conduction bands in the physical language). In the
above evolution of chemical bonds and band structures, we did not consider the SOC
because the energy range of SOC is much smaller than the crystal field. However, it is
an important parameter for the topological states, especially as the energy bandgap is
comparable with the SOC. A typical example is that the SOC can partially change the
orbital characters of occupied and non-occupied states, as shown in Figures 1.6(c) and
(d), which is the band inversion.
1.2 Topological properties derived from the band in-
version
Now that the concept of topology and its origin in condensed matter physics, the
link between the topology and chemical bonds and the systematic classification of
topological materials have been established. In this section, we focus on the exotic
topological properties that are closely related to the surface catalytic reactions, which
are topological non-trivial surface states (TSSs) and massless electrons. Moreover, we
will attempt to elucidate their role in surface catalytic reactions.
1.2.1 Topological non-trivial surface states
One of the exotic physical properties brought about by band inversion is the TSSs.
A heuristic way to understand this bulk-boundary correspondence is that the bulk
band inversion occurs by closing and reopening the bandgap. This non-smooth change
causes topological phase transitions with topological invariant changes. As the value of
the topological invariant cannot change for the finite energy gap, the energy gap has
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topological classification, topological materials exhibit distinct TSS characteristics. For
a 3D TI, its TSSs are 2D, covering the entire surface. When observed at a constant
contour energy plane in momentum space, this TSS forms a closed circle in which the
electron’s spin is locked to its linear momentum. In particular, when observed with
respect to energy, the TSS forms a Dirac cone. A typical material that possesses such
TSS characteristics is the 3D strong TIs of Bi2Se3(Figure 1.7). The situation is different
for topological semimetals. In WSM, it is assumed that the surface projections of two
opposite WPs are located at the kx = ±k0 of the surface BZ. Therefore, the topological
invariant of the Chern number must be different for the 2D plane of the BZ in the
range of | kx |> k0 and | kx |< k0. The entire 3D BZ can be regarded as the infinite
stacking of the BZ of 2D Chern insulators in the region of | kx |< k0 and a trivial 2D
insulator in | kx |> k0. The chiral edge states of these stacked 2D Chern insulators
lead to open Fermi arcs connecting the surface projection of WPs of opposite chirality
(Figure 1.8(a)), which is quite different from the closed Fermi circles of the surface
states in the TI Fermi surface. The Fermi arcs may also exist in Dirac semimetals.
Let us assume that two DPs exist, in which each DP can be regarded as a degenerate
of two WPs with opposite chirality, as discussed above. It is possible that these two
WPs are connected by two Fermi arcs and form a closed loop (Figure 1.8(b)). However,
owing to the lack of net topological charge on the DP, these Fermi arcs are thought to
be not topologically protected. For the nodal line semimetal, as the entire nodal ring is
topologically protected, a surface state fills exactly inside the area of the projection of
a nodal line onto the surface BZ (Figure 1.8(c)). This surface state is weakly dispersed,
thus is called ‘drumhead’ states due to its shape. Especially, for topological chiral
semimetals in space group 198 such as PtGa, because its chiral fermions are located at
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the center Γ and corner R of the 3D BZ, as shown in Figure 1.5, the Fermi arc surface
states span the entire surface BZ (Figure 1.8(d)).
These TSSs are important for surface catalytic reactions. Here, taking the most
studied reaction in electrocatalysis, HER, occurring on the cathode as examples. Overall,
the HER consists of two steps. In an acidic solution, initially, the Volmer reaction
occurs by the transfer of one electron to form an adsorbed hydrogen intermediate on
the catalyst surface (M), as follows:
H3O
+ + e− + M −−⇀↽− MHads + H2O
Subsequently, the molecular hydrogen can be obtained by either Heyrovsky reaction as
MHads + H3O
+ + e− −−⇀↽− M + H2 + H2O
Or the Tafel reaction as
2 MHads −−⇀↽− 2 M + H2
Therefore, the adsorption/desorption of the hydrogen intermediate is important for
hydrogen evolution catalysis. In other words, the bonding strength between hydrogen
and the active sites dominates the overall HER reaction rate.[30, 72, 34, 131, 93] The
alkaline solution provides the same conclusion.
Figure 1.9: Speeding up hydrogen production by the magic topological surface states
Surface states determine the adsorption, desorption, and kinetic processes that occur
on the surface. Therefore, they are extremely important for heterogeneous catalysts.
By tuning the surface states, one can modify the adsorption of the reaction intermediate
and, hence, the activity of the catalyst. However, the trivial surface states typically
derived from dangling bonds, vacancies, or doping are easily destroyed and cannot
be tuned well. Consequently, experimental observation of the surface state evolution
in catalytic reactions is impossible, and it is difficult to understand the fundamental
interaction mechanism. Topological materials with exotic properties, especially the
robust TSSs discussed above, show promise for tackling the current challenges in




In chemical reactions, the motion of electrons is the most important process as any
chemical bond is formed via electrons. Catalysts with high electron mobility can render
electrons that migrate fast to the catalyst surface to participate in surface catalytic
reactions, such as the formation of chemical bonds between the catalyst and adsorbate.
Moreover, it produces a large difference between electron mobility and hole mobility,
which can reduce the probability of electron-hole recombination, resulting in an increase
in the carrier lifetime and thus endowing an improved catalytic activity. The importance
of high electron mobility in catalyst applications has already been proven in many
cases. For example, owing to the presence of linearly dispersing Dirac cones, graphene
has an extremely high electron mobility of up to 2.5 × 105cm−1V −1S−1.[127] When
Ni-based nanoparticles are synthesized on graphene nanosheets, the graphene/Ni hybrid
behaves as strong support for electrocatalysts in which its high electrical conductivity
is beneficial for charge collection and transport.[64] Developing a catalyst with high
electron mobility would be a potential way to speed up the reaction kinetics.
WSM, a 3D analog of graphene, also features massless relativistic electrons, such as
Weyl fermions. In the simplest picture, we assume that the WP is located at the Fermi
energy at a point k0 in the momentum space. Then, in the vicinity of this WP, the
band dispersions are linear and can be described by the Hamiltonian:
Ĥ(k) = ±νF (k− k0) · σ, (1.4)
where σ and νF are the three Pauli matrices and the velocity of the bands, respec-
tively. This Hamiltonian describes a massless relativistic particle. In addition, for the
Dirac semimetal, in the vicinity of the DP, the band dispersions are linear and can be






This equation describes two WPs of opposite chirality located at the same point in the
momentum space. If the mass term m 6= 0, the two WPs are mixed with each other,
and the bandgap opens. By carefully optimizing the chemical composition of a material
or by introducing symmetry, it is possible to obtain m = 0, and DP appears. Owing
to the presence of massless relativistic particles, WSMs and Dirac semimetals usually
exhibit very high mobilities, making them attractive for developing new electrocatalysts
or photocatalysts.
Besides, for a chemical reaction that occurs on the surface of the catalyst, such as
the electrochemical reduction reaction, the electron mobility of the surface states is
also important because the electrons need to transfer from the surface states to the
lowest unoccupied molecular orbital (LUMO) of the adsorbates. It is worth noting
that in topological insulators, Dirac cone surface states dominate the states around the
Fermi level and are thus responsible for the high mobility and dominate the transport
properties, which gives rise to the Dirac semimetal character.
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1.3 Characterization techniques for topological prop-
erties
Angle-resolved photoemission spectroscopy (ARPES) based on the photoelectric
effect is one of the most powerful tools for obtaining a comprehensive understanding of
the electronic properties of a crystal, as it possesses the unique capability of probing
the momentum and energy of solids directly and simultaneously. Moreover, it is
quite sensitive to the bulk and surface electrons, which makes it possible to obtain a
comprehensive understanding of the bulk and surface electronic structures. Therefore,
ARPES is a promising tool to provide straightforward evidence of the topological
characteristics of topological materials such as the Dirac cone surface states of TIs,
Weyl and Dirac points in bulk states, and associated Fermi arcs. Over the past few
years, notable progress in different ARPES techniques and great achievements for their
applications in the experimental characterization of topological quantum materials
is observed. Several landmark discoveries have been made in topological materials.
For example, the Dirac cone surface states in the TIs of was revealed by ARPES
measurements, as shown in Figures 1.10(a) and (b), which are consistent with the
theoretical predictions.[16]
For WSMs with broken time-reversal symmetry, the effects of magnetic domains
with the size typically around the order of a micrometer need to be considered for
surface-state measurements. It is well known that the typical ARPES spot size is
of the order of tens of microns. Therefore, a surface-sensitive scanning tunneling
microscopy (STM) that typically images hundred-nanometer regions with picometer
spatial resolution has become another powerful tool to probe and discover emergent
topological phases of matter. Furthermore, unlike ARPES, which only measures the
occupied states, STM measures the states above the Fermi level. The STM is based on
the quantum tunneling principle. When the scanning tip and sample are atomically
close, their wavefunctions overlap, and the electrons can tunnel through the vacuum
barrier at an applied bias voltage. Owing to the fast decay of the electron wavefunction
inside the barrier, the tunneling current (I) is exponentially sensitive to the sample-tip
distance. As this exponential fall of current with the distance and the tunneling
current flows mostly through the apex atom of the tip, it contributes to the lateral
atomic resolution, thus allowing for probing the surface morphology with atomic spatial
resolution.
Furthermore, at a fixed constant sample-tip distance, when a bias voltage (V) is
applied to the sample, the Fermi level of the sample can be effectively tuned, which
causes the Fermi level location difference between the sample and tip, leading to
the tunneling current flow between the sample and tip. The differential tunneling
conductance dI/dV obtained from the change in the tunneling current I with the sample
bias voltage V is proportional to the sample surface LDOS; therefore, the intensity of
elastically scattered electrons from surface states can reveal the resulting QPI. Here,
we apply STM to the first magnetic WSM of Co3Sn2S2 as an example to illustrate
the capabilities of the STM. Figures 1.10(c) and (d) display the calculated surface FS
and experimentally obtained QPI pattern, respectively, for the Sn termination of with
energy fixed at 70 meV above the charge neutral point. The C-shaped bands in Figures
1.10(c) are partially composed of Fermi arc states, and the scattering between the





Figure 1.10: (a) Electronic band structure of Bi2Se3 measured by ARPES in which
the bulk conduction band (BCB), bulk valence band (BVB), the surface-state band
(SSB), the bottom of the BCB (EB), and the Dirac point (ED) are indicated. (b)
Energy evolution of the constant-energy surfaces of Bi2Se3, it shows that the surface
state forms a closed circle at a constant energy (a and b are reproduced from reference
[16] with permission from the American Association for the Advancement of Science,
copyright 2010). (c) and (d) are the calculated DOS(k) and Fourier transform of dI/dV
maps of quasiparticle interference (QPI) for the Sn terminal of Co3Sn2S2 at the fixed
energy of 70 meV, respectively (reproduced from reference [82] with permission from
American Association for the Advancement of Science, copyright 2019).
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the nondispersive high-intensity peaks in QPI (Figures 1.10(d)). This provides direct




















Figure 1.11: Schematic of the chiral anomaly in Weyl semimetal. (a) Dispersion of
the Landau level and the occupation of the n=0 Landau level with electrons (filled
circles) in equilibrium. (b) Under the paralleled magnetic field B and electron current
I, charge carriers around one Weyl point transfer to the other with opposite chirality.
The non-trivial band topology in topological materials gives rise to many exotic
quantum transport properties such as extremely large magnetoresistance, high mobility,
Chiral anomaly, and anomalous Hall effect.[66] Therefore, transport measurements
offer a convenient approach to characterize the non-trivial topological state, which is
complementary to the direct observation of topological properties by ARPES or STM
measurements. Here, we primarily focus on the various exotic transport phenomena,
including the anomalous Hall effect and Chiral anomaly in TRS breaking WSMs, to
better understand their importance for topological materials.
The anomalous Hall effect (AHE) arising from the intrinsic Berry curvature of
the topological band structure is an important transport phenomenon in magnetic
WSMs. A large anomalous Hall conductivity (σAH) could be expected because the Weyl
points act as monopole sources of the Berry curvature. Moreover, because this large
σAH is normally robust against a wide range of temperatures below the Curie/Neel
temperature, whereas the longitudinal conductivity (σ) is sensitive to the temperature
and decreases with increasing temperature. Therefore, a large anomalous Hall angle
is given by the ratio of σAH/σ can also be expected in magnetic WSMs.[66] Moreover,
the Chiral anomaly in transport is another unique feature that characterizes the
topological phases with broken TRS. Generally, the Weyl points are pairwise with
opposite topological charges, and thus the net charge of the system has to vanish in
the entire BZ. This conservation of the particle number with a given chirality can be
violated under the applied parallel magnetic and electric fields (Figure 1.11), which
leads to the exotic transport behavior of negative longitudinal magnetoresistance.
1.4 Topological materials and catalysis
Heterogeneous catalysis reactions, including hydrogen production, CO2 reduction,
and N2 reduction, are vital for a clean and efficient energy system that will better
protect our environment. Topological materials are ideal platforms because of their
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symmetrically protected metallic surface states and massless high-mobility electrons.
Indeed, many state-of-the-art catalysts have been confirmed as carriers of topological
band structures, including Pt, Au, RuO2, and IrO2.[84] To go one step further, it is
possible to boost the catalytic efficiency and cost by designing topological materials
with different electronic structures and crystal structures from topological insulators to
various semimetals and new fermions.
1.4.1 Topological insulator catalysts
Topological insulators have garnered tremendous attention not only because they
are the first experimentally realized topological materials but also because of their
interesting bulk vs. surface properties that fulfill the requirements of a good catalyst. As
discussed above, TIs behave as insulators in bulk but are characterized by gapless Dirac
metallic states on the surface. These Dirac surface states originate from topological
invariants and are therefore protected by time-reversal symmetry.
The coupling between the topological properties and catalysis reactions was first
uncovered by theoretical simulations. Chen et al.[11] realized that the TSS could
provide a perfect platform for studying the crucial role of surface states in surface
reactions. When depositing Au thin films on a 3D TI Bi2Se3 substrate, it was found that
the adsorption behavior of small molecules of CO and O2 was significantly modified. A
direct electron transfer between the TSS and surface adsorbates enhances the bonding
strength at the Au film surfaces (Figure 1.12(a)). Interestingly, the position of TSSs
can be tailored by making heterostructures and even float to the top when a thin
layer is deposited on the TI surfaces.[61] Such a synergy effect can be extended to
other transition metals such as Ag, Cu, Pt, and Pd. Xiao et al.[130] found that
the adsorption energy of oxygen Ead(O) can always be enhanced on the investigated
transition metal catalysts owing to the presence of the TSSs (Figure 1.12(b)). However,
it should be noted that the enhanced adsorption energy does not guarantee good
catalytic efficiency. The d-band center model should be taken into consideration to
understand the contribution from the TSSs effect. With this in mind, it is easy to
understand that the TSSs have a negligible effect on the catalytic activities of Ag and
Cu. In contrast, the catalytic oxidation reaction activities are decreased for Pd and Pt
but increased for Au. The underlying chemical origin comes from the intrinsic binding
strength of these metals with oxygen, and only the metal with relatively weak intrinsic
reactivity can be improved.
The theoretical prediction was experimentally confirmed using high-quality TI thin
films. He et al.[39] investigated the adsorption and surface reactions on a Pd/Bi2Te3
heterostructure. They reported that the surface reactivity of Pd toward the two
oxidizing agents, oxygen and tellurium, can be significantly enhanced because of the
effective electron bath provided by the TSSs in Bi2Te3. Interestingly, it is possible to
suppress the reactivity by breaking the time-reversal symmetry with an additional Fe
layer. Our work suggests that TSSs are powerful for boosting catalytic efficiencies,
such as HER catalysts. The overpotential required to deliver a current density of 10
mAcm−2 was decreased by 189 mV when MoS2 was deposited on Bi2Te3 substrate
(Figure 1.12(c)). The enhanced activity is caused by the electron donation from the
delocalized sp-derived TSSs to the MoS2 layer and thus activates the basal plane for
hydrogen adsorption (Figure 1.12(d)).[57] In addition to the synergistic effects, TIs
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(a) (b)
(c) (e)
Figure 1.12: (a) Band structures of Au-covered Bi-terminated surface of Bi2Se3(Au-
Bi2Se3) after CO adsorption. The TSSs are highlighted by thick, transparent lines. The
dot-dashed lines indicate the position of the upper Dirac point before CO adsorption
(reproduced from reference [11] with permission from American Physical Society,
copyright 2011). (b) Calculated catalytic oxidation activity of Au, Ag, Cu, Pd, and
Pd clusters supported on the Bi2Se3 substrate under the SOC on and off conditions
(reproduced from reference [130] with permission from American Chemical Society,
copyright 2015). (c) HER polarization curves of the pure STO substrate, MoS2/STO,




can also be modified to be promising catalysts for redox reactions. Perfect TIs such
as Bi2Se3 family compounds are catalytically inert due to saturation bonding in the
basal plane. However, partial oxidation of the crystal surface or the creation of defects
such as vacancies can trigger the activities, while their topological electronic structures
cannot be eliminated due to their high stability and anti-surface modification. This
leads to efficient small molecule reduction, including H, O2, CO, and N2.[147]
1.4.2 Topological semimetal catalysts
For heterogeneous catalysis reactions, electrons must pass through the body of
the catalyst before flowing into or out of the reaction intermediates. Therefore, the
catalytic efficiency of a catalyst depends not only on the surface electronic structure
but also on the bulk conductivity. The poor conductivity, low chemical stability, and
sp-orbital-derived surface states limit the catalytic performance of TIs. Topological
semimetals with improved conductivity induced by massless fermions and/or high
electronic density around the Fermi level have therefore attracted significant attention.
More importantly, topological semimetals are normally composed of d-zone transition
metals, which can result in the emergence of d-orbital-derived surface states. Thus,
they are essential for the bonding and adsorption of many molecules because the d
orbital is much more localized than the s and p orbitals, and therefore, can endow a
relatively strong interaction with the frontier orbital of molecules.
(a) (b)
(d) (e)(c)
Figure 1.13: (a) Weyl points and surface Fermi arcs of NbP, TaAs, and TaP by ab initio
calculations (reproduced from reference [111] with permission from American Physical
Society, copyright 2015). (c) A comparison of photocatalytic hydrogen evolution
efficiency between topological semimetal and the state-of-the-art catalysts (reproduced
from reference [95]). (c) HER polarization curves of topological trivial 2H-MoTe2 and
topological semimetal 1T’-MoTe2. (d) Co atom derived TSSs in topological Weyl
semimetal Co3Sn2S2. (e) OER activities of bulk single crystal Co3Sn2S2 catalysts.
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TaAs family compounds have attracted tremendous research interest as they are
the first confirmed WSMs. They crystallize in the I41md space group with a noncen-
trosymmetric tetragonal lattice and possess Mx and My mirror planes. Owing to the
broken inversion symmetry, the material has twelve pairs of Weyl points in the entire
3D BZ and Fermi arcs that connect the Weyl points, which is demonstrated by the
ARPES measurements.[69] Because of the presence of robust topological Fermi arcs
and relatively high room-temperature carrier mobility, these WSMs could be potential
candidates for catalysis (Figure 1.13(a)). We compared the photocatalytic hydrogen
evolution efficiencies of topological WSMs, including 1T-́MoTe2, NbP, TaP, NbAs, and
TaAs, and topological trivial materials of 1T-TaS2 and 2H-MoTe2.[95] It was found that
topological nontrivial 1T-́MoTe2 exhibits higher activity than trivial 1T-TaS2 although
both of them are metallic, which indicates the importance of TSSs. In particular, NbP
exhibits the best hydrogen evolution activity and is comparable to the state-of-the-art
Pt-decoratedcatalyst TiO2 (Figure 1.13(b)). Most importantly, this could explain the
different catalytic behaviors between the 2H and 1T phase MoTe2. Although they
adopt a similar crystal structure and the same composition, the 1T phase MoTe2 is
much better than the 2H phase owing to the high conductivity and TSSs at the basal
plane (Figure 1.13(c)).[40, 106]
Interestingly, beyond boosting the single-electron transfer HER, topological semimet-
als are also effective in activating multiple electron transfer reactions such as OER.
Owing to the high energy barrier of the OER, it has become a bottleneck for efficient
and scalable oxygen evolution. The magnetic WSM of Co3Sn2S2 with the interplay
between magnetism and topology provides new opportunities for engineering OER
kinetics. Below the magnetic order temperature, the material contains six pairs of
Weyl points connected by the non-closed Fermi arcs on the (001) surface. Along with
the magnetic phase transition at around 170 K, a topological phase transition occurs
between the magnetic WSM and Z2 topological semimetal. These two topological
phases share the same feature with the nontrivial surface states dominated by the d
orbitals of octahedrally coordinated Co atoms (Figure 1.13(d)). Reaction intermediates
such as OH prefer binding to the Kagome lattice. In other words, the TSS, rather than
a single atom, is the active center. With this, the Co3Sn2S2 bulk single-crystal catalyst
exhibited impressive OER activity, which is comparable to that of high-performance
nanostructured catalysts (Figure 1.13(e)).
Recently, Dirac semimetals have received tremendous interest in the research field.
Taking the Dirac nodal line semimetal as an example, it can be confirmed that they
are characterized by the drumhead surface states. This gives rise to a large DOS peak
around the Fermi level, indicating an unusually high electronic density (Figures 1.14(a)
and (b)). In addition, the corresponding drumhead surface states can provide additional
active planes for surface catalytic reactions. As expected, theoretical investigation of
the TiSi family of compounds suggests that they have close to zero Gibbs free energy
for hydrogen intermediates, making them ideal catalysts for HER.[60] Moreover, they
are also highly efficient for multi-electron transfer catalytic reactions such as CO2
reduction.[112] These hypotheses were confirmed experimentally quickly. One can even
track the change of TSSs in the hydrogen adsorption process, with significant electron
transfer from the TSSs to the surface hydrogen atom (Figure 1.14(d)). The multiple
Dirac cones around the Fermi level with considerable Fermi velocities can transfer







Figure 1.14: (a) Schematics of band structure of Dirac nodal line semimetal and (b)
the corresponding DOS from the drumhead-like non-trivial surface states. (c) HER
volcano plots of Dirac semimetal catalysts. (d) Surface energy dispersion before (blue
dashed line) and after (solid red line) adsorption of H atoms onto the VAl3 (100)
surface. (e) Gibbs free energy diagram of HER in strained states for 2D WB4 catalyst
(reproduced from reference [121] with permission from The Royal Society of Chemistry,
copyright 2019). (f) HER polarization curves for the Dirac semimetal PtSn4 catalyst.
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strain (Figure 1.14(e)). All of these predictions were then experimentally confirmed with
high-quality Dirac semimetal VAl3 and PtSn4 HER catalysts (Figure 1.14(f)).[47, 56]
1.5 Motivation and Objectives
As discussed above, the exotic physical properties of topologically protected metallic
surface states and high carrier mobility in topological materials was theoretically and
experimentally demonstrated to be effective in tailoring surface adsorption behavior and
also electron transfer during various heterogeneous catalysis reactions, such as hydrogen
evolution, oxygen evolution, CO2 reduction, et al. However, there are still no candidates
that can outperform the state-of-the-art pure noble metal catalysts. Moreover, the
contributions of topological properties to the surface catalytic reactions are difficult
to distinguish precisely both in theoretical and experimental, which attributed to
the complicated entanglement of the various electronic states (bulk, trivial surface
states, and TSSs), electron transfer, and surface catalytic reactions, and the lack of
experimental technologies. These motivate us to investigate this field deeper in this
thesis, as summing up as follows.
(1) Searching for high-efficient electrocatalysts for HER is one of the most important
tasks for a hydrogen economy. Topological materials such as topological insulators
and semimetals are potential candidates as highly efficient catalysts. Unfortunately,
there are still no alternatives that can outperform state-of-the-art pure noble metals.
With the understanding of the d-band model and TSSs, we find that the unsatisfactory
efficiency is caused by the feature of the TSSs in materials reported before, which are
mostly derived by s or p-orbitals, rather than the d-orbitals that would interact with
the HER reaction intermediates. To this end, we will propose a new strategy for the
designing of high-efficient HER catalysts by topological engineering. Excellent new
electrocatalysts of chiral compounds with recording high intrinsic HER activities will
be explored by applying the proposed strategy. The related content will be given in
chapter 3.
(2) The difficulties in designing high-performance HER catalysts lie in the manipu-
lation of adsorption behaviors of transition metals. Metal-support interaction (MSI)
strategy has been widely used to modify the electronic structures of catalysts, but meets
a challenge in the understanding of the complicated entanglement of the electronic
states between the support and the deposited metal catalyst. As will know from the
chapter 3 that the Fermi arc surface states could interact with surface adsorbates
directly. Therefore, in the next part of this work, we will use the topological chiral
semimetal as the support to modify the hydrogen adsorption behaviors of the various
deposited transition metals through MSI strategy. The findings will be presented in
chapter 4.
(3) Quite different from the topological chiral semimetal that Fermi arcs surface
states dominate the total surface states, the TSSs and trivial surface states coexist in
many topological materials and their synergistic effect determine the surface properties.
However, the complicated entanglement of the various electronic states makes their
specific role in the catalytic process hard to understand. For this, in the following
part, we aim to get insight into the interaction mechanism of different surface states
for surface catalytic reactions by taking Nb2S2C with MoS2-like inert basal plane as
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the research object. The results will be presented in detail in chapter 5.
(4) The vital role of electrocatalysts in determining the efficiency of renewable
energy conversion inspired the uncovering of the relation between the catalytic efficiency
and electronic structure, in which the volcano-type plot based on adsorption energies
and d-band model has achieved great success. At the same time, we have known that
catalysts with nontrivial topological electronic structures favor the electrons transfer
processes in the heterogeneous catalysis reactions. Inspired by the current development
of catalyst and topological materials, in chapter 6, we try to extract a pure intrinsic
physical parameter, projected Berry phase, that only depends on the bulk electronic





In this chapter, several theoretical concepts used throughout this work are discussed.
This starts with the obtaining of a geometrical phase from the adiabatic evolution of the
condensed matter systems, which called the Berry phase. This Berry phase combining
with the band structure characteristics of the material can further be utilized to
characterize and classify the trivial and non-trivial topological phases. In the following,
the main calculational approach of ab-initio density-functional theory used to obtain
the presented results is introduced. In the last section, the basics of Gibbs free energy
which is the main "descriptor" to predict the catalytic activity of the materials and
the nuclear quantum effects for reactions involving hydrogen are reviewed.
2.1 Berry curvature and topological materials
When wavefunctions are moving through parameter space, they acquire an additional
phase factor, which is connected to the geometry of the underlying space. This phase
is called the Berry phase. In this section, the detailed mathematics derivation of the
Berry phase will be first discussed. This will link to the other important quantities like
the Berry curvature and Berry connection. Following that, the topological classification
based on the Berry phase will be elaborated.
2.1.1 From the adiabatic evolution to the Berry phase
Consider a physic system described by the time-dependent Schrödinger equation,
its Hamiltonian depends on time through a set of parameters R denoted by Ĥ(R(t)).
For the adiabatic evolution of the system, the R(t) moves very slowly. At any instant t,
the system has its eigenstates | ψn(R(t))〉 with eigenvalues En(R(t)) that satisfies the
Schrodinger equation (Similar to the stationary Schrodinger equation Ĥψn = Enψn)
Ĥ(R(t)) | ψn(R(t))〉 = En(R(t)) | ψn(R(t))〉 (2.1)
By making a phase choice, the arbitrariness of the wavefunction can be included. So,
the instantaneous eigenstate ψn(R(t)) can be written as
| ψn(R(t))〉 = eiθ(t) | n(R(t))〉 (2.2)
Here, according to the adiabatic approximation, it requires that the phase of the basis
function is smooth and single-valued along the path C in the parameter space.
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Within the adiabatic approximation, the time-dependent Schrodinger equation can
be solved to get information on the phase θ(t), so, we have the following derivation
process




According to the equations 2.1 and 2.2, the above expression can be rewritten as
En(R(t)) | n(R(t))〉 =
dθ
dt
| n(R(t))〉+ i | d
dt
| n〉



























| n(R(t))〉dt︸ ︷︷ ︸
geometrical phase/Berry phase
(2.4)
As indicated in above equation, phase θ consists two components, the first part is known
as is known as the dynamical phase. Importantly, during the adiabatic evolution, the
quantum state acquires an additional phase as denoted in above equation called Berry
phase. We will show that this Berry phase depends on the geometry of the parameter
space in following.
2.1.2 Gauge-invariant Berry phase
We just discussed that the Berry phase γC for a path C derived from the adiabatic































Therefore, the Berry phase γC is the geometry phase, it doesn’t need time anymore.
By further defining the Berry connection An(R) as
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Obviously, An(R) is gauge dependent, the general form of wavefunction | n(R)〉 is
| n(R)〉 → eiλ(R) | n(R)〉 (2.9)
With λ(R) an arbitrary smooth function, An(R) gets a transformation as










= i〈n(R) | d
dR






We now know that the Berry connection An(R) will be changed with the change of
λ(R), and hence, the Berry phase γC is a gauge dependent property. However, if we
chose the path to be a closed loop, i.e. R(t = 0) = R(t = T ), we have
| n(R(0))〉 =| n(R(T ))〉
eiλ(R(0)) | n(R(0))〉 = eiλ(R(T )) | n(R(T ))〉
eλ(R(0)) = eλ(R(T ))
λ(R(0))− λ(R(T )) = 2π × integer (2.11)
Therefore for a closed path, the Berry phase has its physical meaning, it becomes






2.1.3 From the Berry phase to the Berry curvature
As discussed in previous section, the Berry curvature is gauge-invariant physical
quantity. In this part, the Berry curvature is reformulated for numerical calculation.
Now, we review the Stokes’ theorem, it states that "the surface integral of the curl of a
function over a surface bounded by a closed surface is equal to the line integral of the










Here, Ω = ∇ × A is the so called Berry curvature, which is gauge-independent. It
is noted that the Berry curvature is in analogy to the "magnetic field strength" in
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the parameter space (B = ∇ × A), the Berry connection can be regarded as the




The Berry curvature can be calculated from the wavefunctions as
Ω =∇×A
=∇× i〈n(k) | d
dk
| n(k)〉
=i〈∇n | × | ∇n〉 (2.14)
By inserting the
∑




〈∇n | m〉 × 〈m | ∇n〉
=i〈∇n | n〉 × 〈n | ∇n〉+ i
∑
m 6=n
〈∇n | m〉 × 〈m | ∇n〉 (2.15)
In the following, we will prove that the first part in equation 2.15 should be ignored.
We have 〈n | n〉 = 1 and ∇(〈n | n〉) = 0. Therefore
∇(〈n | n〉) =〈∇n | n〉+ 〈n | ∇n〉
=〈∇n | n〉+ 〈∇n | n〉∗
=a+ ib+ a− ib (Assume 〈∇n | n〉 = a+ ib)
=2a = 0 → a = 0
So, the 〈∇n | n〉 and 〈∇n | n〉 are pure imaginary number, the first component in
equation 2.15 is also a imaginary number. Due to the fact that the Berry curvature
is a real number, therefore, this part doesn’t contribute to the Berry curvature. The




〈∇n | m〉 × 〈m | ∇n〉 (2.16)
Additionally, we have
〈m | ∇(Ĥn)〉 = 〈m | ∇Enn〉 = En〈m | ∇n〉
〈m | ∇(Ĥn)〉 = 〈m | ∇Ĥ | n〉+ 〈m | Ĥ | ∇n〉 = 〈m | ∇Ĥ | n〉+ Em〈m | ∇n〉
Therefore, the expression of the Berry curvature can be made more detailed by using
the following identity
〈m | ∇n〉 = 〈m | ∇Ĥ | n〉
En − Em
(2.17)
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2.1.4 Theoretical basis for classification of topological materi-
als
In the previous section, It was discussed t/hat the Berry phase is a topological
invariant. Hence, the Berry phase can be used to classify either the trivial phase (with
zero Berry phase) or the topological phase (with nonzero Berry phase),[37, 89] which
has already been discussed in chapter 1. In the following sections, we get insight into
the underlying theoretical basis and detailed mathematical derivation for determining
different topological phases based on band structures, more detailed reviews can be
found in refs.[38, 135, 23, 27]
2.1.5 Topological insulators
The topological insulators have the odd number of band inversions between con-
duction and valence bands, which are primarily generated by the spin-orbital coupling
effect from the heavy elements. The Berry curvature is expressed as
Ωnµν(k) = i [〈∂µn(k) | ∂νn(k)〉 − (ν ↔ µ)] (2.19)
For system with time reversal symmetry, the wavefunction has the relationship of
T̂ n(k) = n∗(k) = n(−k). Therefore,
Ωnµν(−k) = i [〈∂µn(−k) | ∂νn(−k)〉 − (ν ↔ µ)]
= i [〈∂µn∗(k) | ∂νn∗(k)〉 − (ν ↔ µ)]
= i [〈∂νn(k) | ∂µn(k)〉 − (ν ↔ µ)]
= −Ωnµν(k)
Based on this, the Chern number, which will be discussed later in equation 2.25, will
always be Zero, no matter the system is topological in nature or not. The topological
invariant Z2 is therefore be defined to characterize the topological insulators, which
can be calculated directly from the Bloch functions uµk, from an integral of the Berry
connection and curvature. Especially, for the materials with the presence of the inversion
symmetry, the Z2 invariant can be determined from the knowledge of the parity of
the occupied Bloch wave functions at the eight time-reversal-invariant momenta (0,
0, 0), (0, 0, π), (0, π, 0), (0, π, π), (π, 0, 0), (π, 0, π), (π, π, 0), and (π, π, π) in the
Brillouin zone. And Z2 = 0 correspondes to the trivial insulator, while the Z2 = 1
indicates the topological insulator. More details can be found in ref [2]. For a system
with time-reversal symmetry but without inversion symmetry, the calculation of Z2 is
relatively complicated. However, as it will not play a role in this work, there will be no
discussion here and further information can also be found in ref [2].
2.1.6 Topological semimetals
The theoretical discovery of Weyl and later Dirac semimetals and their experimen-
tal realization has brought the field to the forefront of quantum condensed-matter
research.[7, 126, 133, 70, 71] As already discussed in chapter 1, topological semimet-
als can be classified into topological Dirac semimetals, topological Weyl semimetals,
topological nodal line semimetals, and beyond. The following sections will give a short
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overview of the involved theoretical basis of these topological phases.
Weyl semimetals
It’s well known that any band touching point should be unstable, and its degeneracy
is always lifted if not protected by the crystal symmetry, and hence, be less important.
However, this viewpoint actually overlooks the possibility of an accidental degeneracy of
two bands in 3D material (This requires either broken inversion or broken time-reversal
symmetry). Here, suppose two bands cross at the same point k0 in the first BZ, and at
energy ε0. In the vicinity of this crossing, the band dispersions are linear, the simplest
momentum-space Hamiltonian can be expressed as
H(k) = ε0σ0 ± ~vF (k− k0) · σ (2.20)
Where σ0, vF , k and σ are 2×2 unit matrix, Fermi velocity, crystal momentum and
the there Pauli matrices, respectively. From this equation, one can see that if the k0 or
ε0 is changed, the location of the band touching point in crystal momentum or energy
can be changed. Besides, if the vF is changed, the slope of the band dispersion away
from the point will be changed. However, this accidental band crossing point at k0 can
not be lifted, it is impossible to open the band gap. The reason behind it is because
that for each k there are there crystal momentum components k = (kx, ky, kz) and the
same for σ = (σx, σy, σz). This means that the band touching point is topologically
robust under the perturbations that keep the crystal translation symmetry. Here, it’s
noted that if we set ε0=0 in equation 2.20, the equation becomes the well-known Weyl
equation, and the two bands crossing point is called the Weyl point, which inherits a
topological protection. Here, consider the simplest form of Weyl equation as




kz kx − iky
kx + iky −kz
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Besides, the Pauli matrices act on the eigenstates gives the following relations as
σx | ±〉 =| ∓〉
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σy | ±〉 = ±i | ∓〉
σz | ±〉 = ± | ±〉







| m〉 × 〈m | ∂H
∂kv
| n〉 − (v ↔ u)
(En − Em)2
(2.23)




| −〉〈− | ∂H
∂kz






| −〉〈− | ∂H
∂kx






| −〉〈− | ∂H
∂ky







2 | k |3
In equation 2.1.6, we ignore the chirality of the massless particles (Weyl fermions).
Now, we include chirality into the equation to give a full description of the Hamiltonian
as below
Ĥ(k) = ±k · σ
Therefore, the Berry curvature in its vector form is
Ω(k) = ± k
2 | k |3
(2.24)








With chirality (C) corresponding to a quantized integer valued invariant of ±1. In this
manner, the monopole feature of Weyl point can be identified, and Weyl points can be
viewed as sources and sinks of the Berry curvature. This also implies, that the only
way to eliminate a Weyl point and open a gap, is by annihilate it with another Weyl
point of opposite chirality.
According to the above discussions, it is noted that every non-centrosymmetric
or magnetic material normally should host Weyl points within its band structure.
However, this does not mean they definitely show the signatures of Weyl physics. It
is because, in order to observe any effects tied to these special topological crossings,
it requires that they are located close to the Fermi level. Moreover, the interference
from the other trivial states should be negligible. However, this is not often the case.




There are some possible scenarios that can stabilize a nodal line which results in
the nodal line semimetal. Here, we discuss a mirror symmetry protected nodal line
because this is the most common situations.
Assume that a mirror reflection symmetry presents as M : (x, y, z) → (x, y,−z),
whereas in momentum space M : (kx, ky, kz) → (kx, ky,−kz). The symmetry can be
represented by a unitary operator acting on one-electron wave functions, satisfying
M2 = (−1)2S
Where S is the spin of a single particle. We have S=0 and S=1/2 for spinless and
spinful particles, respectively. The eigenvalues for former and latter are ± 1 and ±i.
Physically, for a spin-orbit coupled system, the reflection also acts on the spin degrees
of freedom, which produces the factor of i for spinful particles. For a non-interacting
system described by Hamiltonian H(kx, ky, kz) has the mirror reflection symmetry
M : (kx, ky, kz)→ (kx, ky,−kz), it gives
MH(kx, ky,−kz)M−1 = H(kx, ky, kz) (2.26)
It is noted that kz = 0 and kz = π are two high-symmetry planes satisfying [M,H] = 0.
Therefore, on these two high-symmetry planes, M and H operators have the same
eigenstates, such that each state can be labelled by eigenvalues of both operators. With-
out any other symmetry present, all bands are generically non-degenerate. Assuming a
spinless particle (S=0) with two bands labeled by +1 and -1 respectively, it is possible
that these two bands cross in the mirror plane with
E+(k) = E−(k)
These two bands are not allowed to hybridize with each other because the states are
orthogonal. This results in a gap-closing along a loop in the mirror plane, the nodal
line. Away from this mirror plane, there is no quantum number to distinguish the
bands or prevent hybridization.
A possible model to describe the nodal line is given by
H(k) =
(
(m− k2)σz + kzσx 0
0 (m− k2)σz + kzσx
)
As long as the SU(2) symmetry is intact, i.e. there is no spin-orbit coupling (SOC),
this Hamiltonian describes a nodal line. When a generic SOC is included, it introduces
a non-zero term for the off-diagonal component of Hamiltonian, the degeneracy of
the nodal line is lifted and possibly Weyl points remain. However, if the system has
additional symmetries that can enforce the SOC to obey the mirror symmetry, it can
leave the nodal line intact. More detailed information about the nodal line semimetals
can be found in ref [23].
Unconventional chiral fermions
Unconventional chiral fermions are protected by unique combinations of topology
and crystalline symmetries. Especially, when such multifold crossings are formed in
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Figure 2.1: Chirality of high-
fold fermions. Weyl fermion
and 3-fold chiral fermion with
one quantized Chern number
(C1) and two Chern numbers
(C1,C2),respectively.
chiral crystal structures, the effective Hamiltonian around the bands crossing point is a
higher spin generalization of the Weyl Hamiltonian that can be expressed as
H = k · S (2.27)
Where k and S are crystal momentum and matrices which are adiabatically connected
to spin matrices. The bands of these multifold fermions feature higher Chern numbers.
Suppose that there is an N-fold fermion that is formed by N bands with N-1 band gaps.
Here, take threefold fermion formed by there bands (two band gaps) as an example,
as schematically shown in Figure 2.1. With setting band 1 and band 2 as the valence
bands, two topological charges of Chern number can be obtained, one is associated with
the gap between band 1 and band 3 labeled as C1, while the other one is associated
with the gap between band 2 and band 3 labeled as C2. Therefore, the chiral charges
of a threefold fermion are determined by these two numbers (C1,C2). In general, for
N-fold fermions, (C1,C2,....Cn−1) decides the chiral charges and the number of Fermi
arcs around the high-fold chiral fermion.
2.2 Density functional theory
The density-functional theory (DFT) is among the most successful methods available
in computational materials science. By utilizing the electron density as a reference
parameter, it allows the prediction and calculation of the material behavior on the
basis of quantum mechanical considerations. In this section, a brief introduction
to the development and basis of DFT is reviewed, with the topics including the
Born-Oppenheimer approximation, Hohenberg–Kohn theorems, Kohn–Sham formalism,
the exchange-correlation functional, pseudopotential, and Vienna ab-initio simulation
package.
2.2.1 Born-Oppenheimer approximation
The quantum mechanical behavior of a system can be fully described by the
Schrodinger equation
Ĥψ = Eψ (2.28)
Where Ĥ is the total Hamiltonian operator, ψ are the eigenvectors representing the
stationary wavefunctions, and E are the eigenvalues corresponding to the system energy.
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In particular, a full description of the non-relativistic time-independent Hamiltonian







































| ri −RJ |
(2.30)
Here, capital letters denote the nuclei while lower case letters refer to the electrons, M(m)
and R(r) indicate the mass and location coordinates of nuclei (electrons), respectively.
Z represents the nuclear charge, e is the elementary charge, and I(i), J(j) are the
indices for nuclei (electrons). The complicated many-body Hamiltonian in equation
2.30 contains 3N (N is the total number of electrons and nuclei) coupled spatial degrees
of freedoms. It is therefore incapable of solving it exactly even with the most powerful
existing supercomputer.
Due to the fact that the mass of nuclei is typically much larger than the electron
by four orders of magnitude, therefore, the Born-Oppenheimer approximation can be
introduced to simplify the situation. Under this approximation, the full wavefunction
of the solid system can be written in the form as
ψ{r,R} = ψRe {r}ψN{R} (2.31)
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(2.32)
2.2.2 Hohenberg-Kohn theorem
Despite the reduction in complexity offered by the Born-Oppenheimer approxima-
tion, the equation 2.32 remain a computationally challenging problem due to many
degrees of freedom arisen from 1023 electrons presented in a typical system. To deter-
mine the ground state of such an electron Hamiltonian, the basic idea is to use the
spatial electron density function (n(r)) instead of electron wavefunctions, which is the
fundamental tenet of DFT (also known as Hohenberg-Kohn theorem). With this idea,
the degrees of freedom are reduced from 3N (N is the number of electrons) to 3.
For Hohenberg-Kohn theorem, it consists of two parts. Here, we refer to them
without the proof (the detailed derivation can be found in ref [78].
Theorem 1: For any system of interacting particles in an external potential Vext(r),
the external potential (and hence the total energy) is a unique functional, except for a
constant, of the ground-state electron density n(r).
Theorem 2: The universal functional for the energy E(n) in terms of the density
n(r) can always be defined for any external potential Vext(r). The ground-state energy
of the system is the global minimum value of the defined functional, and the input
density is the true ground-state density if and only if the functional is minimized.
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Herein, the mentioned energy functional above is:
E[n] = T [n] + Eee[n] +
∫
d3rn(r)V̂ext(r) (2.33)
Where the T, Vee, and Vext describes the kinetic energy, electronic interactions, and
external potential, respectively. According to the equation 2.33, the true ground-state
energy and density can be obtained by applying the variational principle. However,
this can be done only if the full analytical expression for E[n] is known.
2.2.3 Kohn-Sham formalism
Normally, the analytical expression for energy functional is not exactly known. To
calculate the ground state, Kohn and Sham [46] subsequently proposed the Kohn-Sham
equation to map the interacting electron Hamiltonian to a non-interacting Hamiltonian,
and then, the unknown parts of the functional can be collected to the exchange and
correlation (xc) energy functional EXC , which forms the basis of the DFT calculations.
The energy functional is thus can be written as:








where T0[n] and ECoul[n] are the kinetic and Coulomb interaction of the non-interacting
system, respectively, while the exchange-correlation energy EXC [n] includes all other
interactions, including the exchange and correlation interactions between electrons as
well any other effects, such as self-interaction corrections.
With the single-electron wavefunction ψi(r), the expressions for electron density,
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(2.40)
The ground-state energy can be obtained by using the variational principle to
minimize the energy functional. After performing the variation, the famous Kohn-Sham
equations can be obtained as follows:
{−1
2
∇2 + VKS[n(r)]}ψi(r) = EDFTi ψi(r) (2.41)
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Therefore, the complicated many-body problem presented in equation 2.32 is now be
transferred into a set of single-particle Schrodinger equations in the effective potential
VKS[n(r)]. We notice that the theory is exact and has a clear expression except for
the exchange-correlation potential VXC= δEXC [n]δn , which is unknown and still needs an
approximation to deal with it. If one can find the exact VXC , the exact analytical
expression of Kohn-Sham equations can be determined. By giving a set of initial
guessed ψi(r), the VKS can be constructed and a new set ψ,i(r) can be calculated. The
Kohn-Sham equations are solved iteratively until the wavefunctions do not change
anymore, i.e. until self-consistency is reached. Finally, the ground-state energy and
electron density can be obtained, and hence, all material properties.
2.2.4 Exchange-correlation functional
As discussed in last section, the major difficulty in solving the Kohn-Sham equations
lies in the exchange-correlation energy term. Due to the fact that the exact expression
of this term does not exist, a good approximation has to be found. So far, there are
several approximate forms can be used for this term instead, such as the Local Density
Approximation (LDA) and the Generalized Gradient Approximation (GGA).
LDA is the most basic approach, the LDA exchange-correlation energy is given
approximately by xc-energy of homogeneous electron gas with the same density n(r).




Where εXC(n(r)) is the exchange-correlation energy per particle of a homogeneous
electron gas of charge density n(r).
As LDA does not consider the fluctuation of the electron density, it fails in situations
where the density undergoes rapid changes. Perdew, Burke, and Ernzerhof (PBE)
proposed the generalised gradient approximations (GGA) by including not only the
density but also the the gradient of the electron density. The GGA exchange-correlation






Here, the additional term FXC(n(r),∆n(r)) captures the contributions from the gradient
of the electron density. This approach normally gives more accurate results than LDA.
2.2.5 Pseudopotentials
The idea of pseudopotentials was first proposed by Hans Hellmann in 1934 [103]
based on two considerations. First, the contribution of core electrons to chemical bonds
is normally insignificant in comparison with the valence electrons. Second, there is a
strong oscillation for core electrons which results in a high computational effort. The
introduction of the pseudopotentials is therefore a good solution, in which the electronic
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core states are combined with the nucleus to form a kind of effective nucleus that is
not influenced by different chemical environments. This approach not only reduces
the size of the system as only valence electrons are considered but also flattens the
electronic wavefunctions. There are a variety of pseudopotentials that are available for
DFT calculations and ultrasoft pseudopotentials, the projected augmented wave, and
the norm-conserving pseudopotentials are the three most common types.
2.2.6 Vienna ab-initio simulation package
In this Ph.D. project, if not specifically mentioned, all DFT calculations are carried
out with the Vienna ab-initio simulation package (VASP) [50] using the pseudopotentials
and a projector augmented waves basis.[48, 49] The GGA as parametrized by PBE is
used to deal with the electron exchange-correlation interaction and spin-orbital coupling
effect is included in calculation.[51, 87]
2.3 Prediction of HER activity: Gibbs free energy
Based on Sabatier’s principle [80, 53], in order to have high catalytic activity for
electrocatalytic HER, the binding strength between hydrogen intermediate and the
active sites of catalyst should be neither too strong nor too weak. If the binding is
too strong, the desorption step (Heyrovsky or Tafel) becomes difficult and limits the
overall reaction rate; if the binding is too weak, the adsorption (Volmer) step will be
the predominant mechanism and rate-limiting step. More concretely, a close to zero
Gibbs free energy of hydrogen intermediate is the ideal situation. It’s well known that
reaction rate versus the Gibbs free energy of hydrogen intermediate results in a volcano
curve, which provides an important indication for the searching of HER catalysts with
high performance.[53, 85] In this section, the calculation details of the Gibbs free energy
for predicting the HER activity are discussed. For hydrogen evolution reaction:
H+ + e− +M 
MHads (2.45)
In which the M represents the surface active site. The reaction free energy (∆G) under
the electrode potential U=0 eV can then be calculated by the chemical potential (µ) as
∆G = µMH − µH+ − µe− − µM (2.46)
In which µ is defined as
µ = E + EZPE − TS (2.47)
Where the E, EZPE, and S are the total energy of species obtained from calculations,
zero-point energy, and entropy at 298K, respectively. At zero voltage, at all pH values,
at all temperatures, and with H2 at 101325 Pa pressure. The total hydrogen evolution
reaction is defined to be equilibrium as





Therefore, the chemical potential of a proton-electron pair is equal to half of the
chemical potential of gaseous hydrogen






The ∆G is then be reformulated as









− TSH2)− (EM + EZPE(M) − TSM)
=∆EH −∆EZPE(H) − T∆SH
=∆GH
With the help of density functional theory, the ∆GH of materials can be directly
calculated to evaluate its HER activity with the above formula.
In density functional theory, statistical thermodynamics is used to calculate the
thermodynamic properties such as entropy, enthalpy, Gibbs free energy, and total
energy of a system. Classical thermodynamics is a theory in which we learn how
macroscopic system behaves under the influence of external conditions including pres-
sure, temperature, and concentration. Then, the mentioned thermodynamic properties
of entropy, enthalpy, Gibbs free energy, and total energy can be derived. However,
macroscopic systems are an ensemble of microscopic particles and we can derive all
the state variables and thermodynamic properties from the behavior of microscopic
particles. Here, statistical thermodynamics provides a bridge between the microscopic
particles and macroscopic systems.
To get ∆GH , the adsorption energy (∆EH) of hydrogen intermediate on the substrate
is firstly calculated using DFT in VASP. We also calculate the Zero-point energy (ZPE)






) ∗ hν (2.51)
where N is the number of frequencies, n is the vibrational quantum number and ν is
the frequency.
Entropy, Enthalpy, and Gibbs free energy can be calculated using the statistical
thermodynamics formula. For Gibbs free energy, we can calculate it using





Zero point energy has a very significant role in determining the HER performance
of a catalyst. Nuclear quantum effects, which show the quantum nature of an atom,
can be accessed by observing the change in ZPE after H/D substitution. This change
has an effect on the absorption selectivity of a catalyst for a mixture of H2 and D2.
∆ = ZPE(M −H)− ZPE(M −D) (2.53)
The largest ∆ is found for the transition metals around 2.33-2.48 Kcal/mol. This
change in ZPE originates from the H/D substitution. More the change in ∆, more is
the quantum nature of an atom.
To have a high HER catalytic activity, the optimal ∆GH value of catalyst is zero,
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Topology and chirality create Benchmarking HER catalysts
തΓ
Topological order and structure chirality are integrated into Pt group metals in the
space group of P213 (#198). This creates a giant nontrivial topological energy window
and long topological surface Fermi arcs at the crystal surfaces, leading to a fast hydrogen
evolution kinetics with benchmarking turnover frequency values, as electrocatalysts for
the HER
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In this work, I myself performed all numerical calculations and data analysis. G. Li
performed electrochemical measurements and analysis. K. Manna performed material
synthesis and characterizations. The manuscript was prepared by me and G. Li, with
comments and remarks by Y. Sun and C. Felser. Readers will find most parts of the
following chapter in the original paper of reference [138].
3.1 Introduction
With the increase of global energy consumption and related environmental degrada-
tion from fossil fuels, the study of new types of energy carriers has attracted tremendous
attention in the last decades. Hydrogen is an ideal renewable future energy carrier
because of its high energy density without carbon emission. The development of highly
efficient stable electrocatalysts for HER has been one of the most important research
topics for the generation and utilization of hydrogen. Pt-group metals, especially
Pt, are ideal catalysts for various heterogeneous catalysis such as electrochemical
HER. These metals are located near the top of the HER volcano plot with favorable
Gibbs-free energy for hydrogen adsorption, thus exhibiting the state-of-the-art high
efficiency.[105, 30, 28, 74] Recent studies have confirmed that the performance of
these metals can be optimized by employing strategies such as nanostructuring, defect
introduction, or the use of single-atom catalysts.[62, 145, 105, 30, 28, 74]
As already discussed in chapter 1, the observation of the topological order in
materials provides an extra reasonable solution for the design of high-efficiency catalysts.
To date, the introduction of the topological order is theoretically and experimentally
demonstrated to be effective in tailoring adsorption and catalytic processes in the fields of
hydrogen evolution, oxygen evolution, and CO oxidation, etc.[94, 55, 58, 11, 129, 61, 60]
Unfortunately, there are still no candidates that can outperform the state-of-the-art
pure noble metals. So far, for the topological catalysts that have been studied, it
seems that the topological band structure can improve the catalytic properties, but
only to a finite level. Based on conventional knowledge of d-band center theory, the
d-band plays an important role in determining catalytic efficiency [35], whereas most
of the topological materials are constructed by the s- and p-orbitals [144, 1]. A good
combination of d-band and topological band structures has not been investigated in
topological catalysts yet. This phenomenon inspired us to combine the topological
surface states and traditional high-efficiency parental catalysts, especially Pt.
In this chapter, a new strategy for the designing of high-efficient HER catalysts by
topological engineering of noble metal catalysts, especially Pt, is proposed. Super-long
topological surface Fermi arcs with giant non-trivial topological energy windows are
introduced into the parental Pt-group metals by forming chiral crystal structures. With
this strategy, a family of chiral compounds such as PtAl and PtGa that exhibiting
recording high intrinsic HER activity is discovered by a comprehensive first-principles
study combined with the experiment measurement. The in-depth interaction mechanism
study reveals that different from the s- and p-orbitals derived TSSs for most topological
materials, Pt-d orbital derived topological band structure along with a large non-trivial
energy window play a crucial role in the excellent catalytic activity. The giant Fermi
arcs and nontrivial energy window in the studied topological chiral crystals are robust
and could weaken the interaction between H adsorption and substrate, thus intrinsically
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boosting the H desorption kinetics.
3.2 Proposed strategy
The proposed strategy is shown in Figure 3.1. Although Pt itself contains a Z2
topological index, the topological band structure is far away from the Fermi level, and
it is constructed by s and p orbitals, but not d orbitals. The bands around the Fermi
level are mainly dominated by the 5-d orbitals [134], which are also believed to be the
cause of high Pt catalytic efficiency. In other catalysts with topological order, such as
Weyl semimetal and topological insulators, the non-trivial energy window is very small,
and the enhancement of HER performance from topological band structures is strongly
limited. On the other hand, if one can have a Pt-d orbital derived topological band
structure along with a large non-trivial energy window (see the right panel of Figure
3.1), significant improvement in the efficiency is expected for Pt-based catalysts.
Ef








Figure 3.1: Schematics for the proposed strategy. Illustration of the band inversion
mechanism and topologically nontrivial energy window in pure Pt[134], non-chiral
topological semimetals, and chiral B20 compounds.
3.3 Topological chiral semimetals
Thanks to the development of topological materials, a new type of topological
semimetals of multifold fermions were theoretically predicted and experimentally veri-
fied in a class of chiral crystals.[77, 9, 8, 113, 5, 97] They are AlPt family of compounds.
This material class has a nonsymmorphic cubic crystal structure in the space group
P213 with the twofold screw rotations S2x = {C2x | 0.5, 0.5, 0}, S2x = {C2x | 0, 0.5, 0.5},
and S2x = {C2x | 0.5, 0, 0.5}, which are related by the threefold diagonal rotation C3xyz.
Owing to the chiral crystal symmetry, the band structures of this type of materials
present as multifold degenerated points with a large topological charge of Chern number
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4 (Figure 3.2). Unlike topological insulators and Weyl semimetals, the sources of topo-
logical charges in this type of materials locate at different high symmetry time-reversal
invariant momenta, which guarantees long surface Fermi arcs, as schematically shown
in Figure 3.2(b). This type of topological materials contains Pt-related compounds,
such as PtAl, PtMg, and PtGa, which provide the ideal platform to topologically
enhance the catalytic efficiency based on the traditional good catalyst of Pt. Therefore,
two experimentally verified Pt-contained topological semimetals, PtAl, and PtGa are
chosen for the study. For comparison, other two Pt-free chiral topological semimetals,










Figure 3.2: Illustration of the crystal structure and bulk boundary correspondence
for chiral topological semimetals. (a) Crystal structures of topological chiral semimetal
in the view of [111] direction. The right- and left-handed helices formed by transition
metal(Tm, Tm = Pt/Pd/Rh) and Al/Si/Ga atoms are marked by the red arrows. (b)
Bulk BZ and surface (001) BZ with long Fermi arcs connecting the projections of R
and Γ points.
3.4 Methods and models
For the chosen compounds, the crystal structures from the Inorganic Crystal Struc-
ture Database (ICSD) are directly taken as inputs for DFT calculations. For simulating
the surface model, the slab should be thick enough to represent the corresponding
bulk-like characteristics. To confirm the slab thickness, the surface energy with the
increase of the slab thickness for PtAl (001) is calculated. For a converged, clean slab
in a vacuum with an integer number of unit cells, the surface energy can be calculated




× (Eunrelaxs − nEbulk) +
1
A
(Erelaxs − Eunrelaxs ) (3.1)
where Eunrelaxs and Erelaxs are the energies of the unrelaxed and relaxed surfaces, re-
spectively, Ebulk is the energy per unit cell of bulk PtAl, n is the number of unit cells
for the slab model, and A is the area of the PtAl (001) surface. Figure 3.3 shows the
convergence of the PtAl (001) surface energy with respect to slab thickness. From
it, one can see that the PtAl (001) surface energy converges to be about 1.27 J/m2
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Figure 3.3: Surface energy con-
vergence. The convergence of the
PtAl (001) surfaces energy with
respect to the slab thickness.
for slabs with n ≥ 5. In specific, n=10 is chosen for all systems, which is believed to
be thick enough. The middle four unit cells are fixed at its respective experimental
positions while the remaining upper and lower surfaces atoms are allowed to relax and
a 15 Å vacuum space in the z-direction is applied. A Monkhorst-Pack k-point mesh of
5×5×1 and 8×8×1 is employed in the BZ for the geometry optimization and electric
characteristic calculations for the slab model, respectively. A k-point grid of 100×100
with the number of linear interpolation points of 10 is adopted to calculate the 2D
Fermi surfaces (FSs). Moreover, to generate the projection of bulk band dispersion
and FS, the tight-binding Hamiltonian is constructed from the Maximally-localized
Wannier functions (MLWFs) [83] by using the p orbitals of Al, Ga, and Si, as well as d
orbitals of Pt, Rh, and Pd.
3.5 HER activity prediction
To evaluate the HER activity, the Gibbs free energies of the H intermediate ad-
sorption |∆GH∗ | for PtAl and PtGa (Figure 3.4) are then be directly calculated. For
comparison, some typical catalysts from transition metals, topological materials, and
two Pt-free chiral topological semimetals, RhSi, and PdGa are also shown in the same
volcano plot. From the calculated |∆GH∗ | (0.131 eV for PtGa and 0.132 eV for PtAl),
one can easily see that the predicted exchange current density in PtGa and PtAl is
much higher than those of the other topological materials and as good as that of Pt.
3.6 Origin of the excellent HER activity
To understand the origin of the excellent HER activity in Pt-based chiral crystal
topological semimetals, the surface states and their influence on the hydrogen adsorption
are investigated in this section.
41
3. Topological chiral semimetal electrocatalyst
Figure 3.4: Hydrogen evolution
activity prediction. HER vol-
cano plot of PtAl, PtGa, RhSi,
PdGa, and the related metal cat-
alysts (the experimental data of
Rh, Pd, and Pt)[22]. The topolog-
ical Weyl semimetals NbP, TaP,
NbAs, and TaAs (the calculated












3.6.1 Surface electronic structures of pristine PtAl
According to previous experimental reports, the easy-cleaving plane is along the
(001) direction. Due to the presence of a twofold screw axis along z, there is only one
type of surface termination [77, 9, 8, 113, 5], as schematically shown in Figure 3.5(a).
Taking PtAl as an example, the surface states are analyzed in a slab model with a
thickness of 10 unit cells separated by a vacuum space of 15 Å. As presented in Figure
3.5(b)-(c), with the topological charge of Chern number ±4 at Γ and R points in the
bulk band structure, two Fermi-arc-related surface states connect to the projected Γ̄
and M̄ points along the high symmetry lines. Owing to the large non-trivial energy
window, the Fermi-arc-related bands can extend from ∼-0.3 to ∼0.3 eV along M̄ -Ȳ -Γ̄
high symmetry path and the surface states are dominated by the Fermi arcs in this
energy window. Hence, the surface adsorption and reaction processes should be closely
related to the topological Fermi arcs.
Interestingly, it is found that the Fermi arcs are mainly contributed from the surface
Pt-d orbitals (Figure 3.6), which provides an excellent combination of TSSs and element
Pt. Because of the large inverted band gap, the Pt-d orbital dominated Fermi arcs are
localized on the surface with a thickness of two unit cells. The contribution ratio of
an arbitrarily selected point A (see Figure 3.5(c)) from the Fermi arc is ∼80% for the
top one unit cell, and it dramatically decreases to ∼0 for the third unit cell away from
the surface (Figure 3.5(d)). Therefore, the chemical reaction of the catalytic process
mainly occurs with Fermi arcs from the top four Pt atom layers. In addition, the large
proportion of d orbitals in the surface states, rather than the s or p orbitals in the other
topological catalysts [58, 11], indicating a favorable interaction between the adsorbate
and the catalysts surface based on the d-band theory.
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Figure 3.5: Surface electronic structures of PtAl (001). (a) Schematic of PtAl (001)
slab model, herein, the thickness of three unit cells is displayed, while the slab with
ten unit cells thickness was used in calculations. (b) Surface FS of PtAl (001) with
energy at the Fermi level. (c) Surface energy dispersion. The surface states from the
top surface are highlighted by the red line. The bulk projected states are shown in
blue as the background. (d) Surface states contribution as a function of the distance
away from the top surface. The wave function at the sample point A in figure (c) is
applied. The inset is real space partial charge density distributions of the Fermi arc at
the sample point A with an iso-surface value of 0.0015 e/Å3.
3.6.2 Surface electronic structure after H adsorption
Indeed, this is confirmed by analyzing the H adsorption on PtAl crystal surface.
After the relaxation of top-three unit cells of PtAl and the adsorbed H, it is found that
the H prefers to stay above atom Pt (Figure 3.7(a)) with negative adsorption energy
(Ea) of -0.098 eV, representing a relatively weak adsorption strength, which is beneficial
for the desorption process in HER, thereby leading to a low Tafel slope as observed in
the experimental results in section 3.7. Moreover, a similar analysis also works for the
other three chiral crystals, and the corresponding adsorption energies are calculated to
be -0.099, 0.166, and 0.352 eV for PtGa, RhSi, and PdGa, respectively.
After H adsorption, the topological Fermi arcs change dramatically in both momen-
tum and energy spaces, as indicated in Figures 3.7(b)-(c). Meanwhile, as plotted in
Figures 3.7(d)-(e), the charge depletion happens on the surface Pt atoms with d orbital
characteristics, while the charge accumulation occurs around the adsorbed H with s
43









































Figure 3.6: Orbitally weighted FSs. Obviously, the topological surface states are
dominated by Pt-d orbitals.
orbital shape. The H 1s bands disperse in the deep energy region below the Fermi level
(Figure 3.8), which further illustrates the charge transfer to H. After the H adsorption,
although the detailed shape of the Fermi arcs considerably changes, their topological
features of chirality, number of Fermi arcs, and connection do not change because of
the robust topological charges. This suggests the high-stability of the surface states
after H adsorption. Moreover, the partial unoccupied topological Fermi arcs shift down
by accepting the part of electrons provided by the trivial surface states, as indicated
in Figure 3.7(c) and appendix Figure A.3. Therefore, the topological Fermi arcs from
d-orbitals of the transition elements weaken the binding strength toward H adsorption
and play a decisive role in imparting excellent HER catalytic efficiency (the detailed
analysis is given in the appendix A).
3.7 Experimental verification
Although PtGa and PtAl are expected to be good catalysts that comparable to Pt,
the DFT calculation has its own accuracy limit.[33, 52, 86] Moreover, the calculated
|∆GH∗ | is very close to the peak in the volcano plot. Thus, it is a big challenge to
quantitatively compare the efficiency of Pt catalyst and these two Pt-based topological
compounds, especially the intrinsic efficiency. To verify the prediction, high-quality
bulk single crystals with a well-defined surface are needed.
High-quality chiral crystals including PtAl, PtGa, PdGa, and RhSi were synthesized
according to our previous studies.[101, 140] Briefly, polycrystalline ingots with a
stoichiometric amount of high purity Pt-group metals and X element (X = Al, Si,
or Ga) were obtained by arc-melting. Bulk single crystals were obtained by the
flux technique with different heating procedures (details are provided in supporting
information of reference [138]). Crystals with diameters from several millimeters to
centimeters can be collected after cooling to room temperature. The presence of the
sharp diffraction spots in the corresponding Laue diffraction pattern suggests the
high-quality of the bulk single crystals (Supporting information of reference [138]). The














































Figure 3.7: Surface electronic structures of PtAl (001) with H adsorption. (a) The
most energetic favorable site for H adsorption. (b) Surface Fermi surface of PtAl (001)-
H with chemical potential at charge neutral point. (c) Surface energy dispersion after
H-adsorption. (d) and (e) The charge density difference plot of PtAl (001)-H, the blue
and red areas in figure (d) and (e) represent the electron depletion and accumulation,
respectively. The iso-surface values are all set to 0.0015 e/Å3.















Figure 3.8: H 1s-band.
The highlighted red
points represent the H
1s orbital, which are
dispersed in deep energy
regions below the Fermi
level.
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diffraction (XRD) patterns as displayed in the supporting information of reference [138].
These crystals adopt the cubic structure and are oriented along the [001] direction with
lattice parameters of a = 4.863 Å, a = 4.911 Å, a = 4.896 Å, and a = 4.686 Å for PtAl,





































𝑗600mAcm−2 = 113 mV































































































































































































































































Figure 3.9: Hydrogen evolution performance of the chiral crystal catalysts. (a)
Polarization curves of the chiral crystal catalysts: PdGa, RhSi, PtAl, PtGa, and
20% Pt/C catalysts. (b) Polarization curves of PtAl and PtGa at higher applied
overpotentials. (c) Tafel plots of the chiral crystal catalysts: PdGa, RhSi, PtAl, PtGa,
and 20% Pt/C catalysts. (d) Stability test of the PtAl single-crystal catalyst at different
overpotentials for 100 h. (e) Comparison of turnover frequency (TOF) values between
the chiral crystal catalysts and state-of-the-art noble metal-based nanostructured
electrocatalysts.
To evaluate the HER catalytic activity, the chiral crystals were attached to a Ti wire
and served as both the electrodes and catalysts. All experiments were performed in a
three-electrode electrochemical cell (Ar-purged 0.5 M H2SO4 (aq)). The linear-sweep
voltammograms (LSVs) normalized to the projected geometric area of the crystals are
shown in Figure 3.9(a) and compared against commercial 20% Pt/C nanostructured
catalysts. The overpotential of Pt/C at a current density of 10 mA cm−2 is 25 mV, with
an extremely low onset overpotential of ∼0 mV. In comparison, PdGa and RhSi chiral
crystals require an overpotential of 207 and 280 mV to deliver the same current density.
In sharp contrast, PtGa and PtAl chiral crystals can effectively catalyze HER with an
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extremely low overpotential of 13.3 and 14 mV at a current density of 10 mA cm−2,
respectively. In addition, both these chiral crystals could deliver an exceptionally high
current density of 600 mA cm−2 with an ultra-low overpotential (113 mV for PtGa,
and 151 mV for PtAl), as indicated by the iR-corrected curve in Figure 3.9(b). These
results indicate that single crystals can be used as both electrode and catalysts, which
favor the transfer of electrons to the active sites at the crystal surfaces.
Tafel slopes showed in Figure 3.9(c) provide additional information about the HER
mechanism. Notably, the Tafel slopes for PtGa and PtAl chiral crystals are only 16
and 20 mV dec−1, respectively, which are even lower than that of the Pt/C catalyst
(33 mV dec−1). This suggests that the rapid desorption of two hydrogen atoms is the
rate-determination step on the chiral crystal surface.[116] The simultaneous change
between current density and applied voltage reveals the excellent mass transport and
mechanical robustness of the single crystal catalyst (Supporting information of reference
[138]). Additionally, the PtAl chiral crystal was selected for stability investigation due
to its low cost. The long-term chronoamperometry (CA) testing shows no decrease in
the current density during the continuous HER for up to 100 h, even at a high current
density of 200 mA cm−2, indicating the high HER operational stability of the chiral
crystal catalyst (Figure 3.9(d)).
The intrinsic HER activity was critically evaluated by measuring the turnover
frequency (TOF) of the chiral crystals, which is associated with the number of hy-
drogen molecules evolved per second per active site. In this study, the HER activity
were normalized by the electrochemical active surface area (ECSA) to provide a fair
comparison of the TOF values (Supporting information of reference [138]). The results
reveal that the TOF values follow the order PtGa >PtAl >RhSi >PdGa, which is
consistent with the thermodynamic parameter of Gibbs free energy, as indicated in
Figure 3.9(e) and Figure 3.4. Particularly, at a constant overpotential of 100 mV, the
chiral crystals of PtGa, PtAl, and RhSi electrocatalysts deliver an extremely high TOF
value of 17.1, 5.6 and 1.1 s−1, respectively. The TOF value is increased to 10.1 and
29.7 s−1 for PtAl and PtGa electrocatalysts at an overpotential of 200 mV, respectively,
setting these chiral crystals as the benchmark catalysts for HER (Figure 3.9(e)). These
values are not only evidently larger than those of nanostructured electrocatalysts but
also more strikingly superior to the values obtained for commercial Pt/C and some
well-known noble-metal-based HER catalysts.[76, 116, 150, 75, 151, 65]
3.8 Conclusions
In conclusion, in this chapter a proposed strategy of topological engineering of
Pt-group metals is applied to discovery the excellent new electrocatalysts. With
enhancement from topological band structures based on Pt, multifold fermion chiral
compounds show exceptionally high activity as HER catalysts with an extremely
low overpotential and Tafel slope as well as considerably high TOF and operational
stability superior to that of the commercial Pt/C catalyst, making them the benchmark
for HER catalysts. The theoretical analysis reveals that the giant Fermi arcs and
nontrivial energy window in the studied topological chiral crystals are robust against H
adsorption. The topologically protected surface states originating from the d orbitals of
the surface transition metal atoms could weaken the interaction between H adsorption
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and substrate, thus intrinsically boosting the H desorption kinetics. This provides a
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The manipulation of metal-support interaction has shown great potential to modify the
electronic structures of catalysts. This chapter highlights the importance of topological
chiral semimetals as the support to control the metal-support interaction for the design
and modification of metal catalysts towards the electrochemical reduction reactions.
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In this work, I myself conceived the idea, designed the study, performed all theoret-
ical calculations and analysis. G. Li performed material synthesis,characterizations,
electrochemical measurements and analysis. The manuscript was prepared by me and
G. Li, with comments and remarks by T. Heine, Y. Sun and C. Felser.
4.1 Introduction
The difficulties in designing high-performance HER catalysts lies in the manipulation
of adsorption behaviors of transition metals (TMs), as most of them are positioned to
the left of the volcano plot with an excessively strong reaction intermediate bindings.
Topological chiral semimetals with the cubic B20 structure have attracted substantial
interest due to their super-long Fermi arc surface states and large non-trivial energy
window. As already discussed in chapter 3, as HER catalysts, their TSSs interact
directly with hydrogen intermediate, resulting in distinct different adsorption behaviors.
Thus, they also provide an ideal platform for the study of metal-support interaction
(MSI) through the utilizing of surface states.
Supported metal catalysts are commonly used for many industrial chemical reactions
as they can significantly boost the activity of supported metals.[114, 36, 67] On one hand,
the support is used to stabilize the dispersed metal to achieve a long catalyst life and low
cost. On the other hand, the support can induce substantial electronic perturbations
to the anchored metal catalysts, with modifying their morphology, electronic structure,
and catalytic performance.[42, 118] This sets off a boom-time for the effective design
of single or binary-atom catalysts on various supports such as graphene, graphite, and
metal oxides under the principle of MSI.[18]
As already discussed in chapter 1, topological materials are a new family of supports
for catalysts, which can tune the adsorption and catalysts behaviors because of the
electron transfer from the robust surface states.[61, 11, 129, 39, 138, 58] However,
traditional topological insulators, like Bi2(Se/Te)3, either have a narrow nontrivial
energy window or are chemically unstable merging in the solutions over a long time.[92,
96] Such disadvantages block their further experimental analysis and applications as
catalysts in HER. Therefore, topological materials with both robust TSSs and chemical
stability in HER process are desirable. TM-based topological chiral semimetals fulfill
such requirements.
In this chapter, the adsorption behaviors of the supported metal catalysts of Mo,
W, Ru, Rh, Pd, Pt, Ni, Co, and Fe on the support of topological chiral semimetals,
such as PdGa, are investigated. When depositing the supported metal catalysts on the
surface of PdGa, the transfer of electrons from the TM atoms to the surface states of
the PdGa substrate reshapes the d band structure of TMs and weakens the bonding
of the hydrogen intermediate. Especially, the MSI between PdGa Fermi arcs and
the supported W catalyst leads to a high intensity atomically narrow W-5d electron
locating at Fermi level. These narrow W-5d states can intrinsically increase the H
intermediate binding, and thereby W/PdGa is expected to be a good HER catalyst
with a close to zero Gibbs free energy of 0.2 eV. This is confirmed experimentally
by the observation of Pt-like exchange current density (0.92 mA cm−2) and turnover
frequency (1.8 s−1) when depositing W atoms at the surface of PdGa nanostructures.
The findings provide a new way for the developing of high-efficient electrocatalyst by
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Figure 4.1: Transition metal atoms anchored on PdGa. (a) Metal-support interaction
modification of the electronic structure of supported metal catalyst for HER. (b)
Formation energies of single transition metal (TM) atom anchored on the PdGa (001)
surface. (c) Gibbs free energy (∆GH∗) of pristine PdGa and W/PdGa catalysts for
hydrogen evolution. The ∆GH∗ for pure metal catalysts of Pt and W are also included
for comparison.[122, 30] (d) Energy barrier for the W ion diffusion on the PdGa (001)
surface. The insets are initial state, transition state, and final state, respectively.
4.2 PdGa support
Same with the PtAl, PdGa is a structurally chiral topological semimetal (see Figure
3.2(a) in chapter 3), belong to non-symmorphic chiral space group P213 (number 198),
with Pd and Ga atoms forming right- and left-handed helices, respectively. Protected
by the crystal symmetry and Pd-d orbitals around Fermi level, two multifold chiral
fermions with a large topological charge of Chern number 4 and -4 locate at the high
symmetry momenta of Γ and R, respectively. It, therefore, renders Fermi arcs to span
over the whole surface BZ and topological bands to straddle giant nontrivial energy
windows of 1.869 eV, which can present as effective electron donor or acceptor in
the HER process, as illustrated in Figure 4.1(a).[138, 102, 107] Besides, such a large
partial-filled TSSs could also maximize the topological effect on the supported metal
catalyst. More importantly, as already presented in chapter 3, PdGa is chemically
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inert for electrochemical HER, this is extremely important for the clarifying of the
contributions from MSI.[138]
4.3 Stability and catalytic properties prediction
With the above motivation, the single atoms of typical TMs[30, 54, 14, 146, 10]
(including Mo, W, Ru, Rh, Pd, Pt, Ni, Co, and Fe) supported on the PdGa are
investigated in this section. To describe the long-range van der Waals (vdWs) inter-
actions between the adsosbed H and the TM/PdGa catalysts, the DFT-D3 extension
of Grimme is adopted.[32] A 3×3×1 supercell of PdGa (001) slab model with five
unit cells thickness is constructed as the support for anchoring the single TM atom,
where the bottom three unit cells are immobilized to simulate the bulk. Noted that
this thickness we applied is reasonable as demonstrated by surface energy calculation
in Figure 3.3 of chapter 3. Monkhorst-Pack k-point mesh of 6×6×1 is used for the
geometry optimization and electric characteristic calculations, and the kinetic energy
cutoff is set to 400 eV. Moreover, to search a minimal energy path for ion diffusion, the
climb-image nudged elastic band (CINEB) method embedded in VASP is employed.[41]
The convergence criterion of force is also set to be 0.01 eV/Å, and 9 images is used for
the CINEB calculations, including the initial and final structural configurations.
First, the stabilities of the TM/PdGa with considering all the possible high symmetry
sites of PdGa for anchoring the isolated TM atom are checked. The favorable sites for
TM atoms immobilization can be classified into two categories. As shown in appendix
Figure 4.2, the isolated Mo and W atoms are preferred to stay on the bridge site of
Pd-Ga bond, while the energetically most favorable binding site for Ru, Rh, Pd, Pt, Ni,
Co, and Fe is near the top Ga atom. As presented in Figure 4.1(b), the large negative
formation energies, (especially for Mo, W, Ru, and Ir with Eformation < -5 eV) suggest
that these TMs could bond stably with the PdGa support. With this starting point,
the catalytic activity of all the PdGa supported metal catalysts are evaluated by the
Gibbs free energies of the H intermediate (|∆GH∗ |).[30, 85] As shown in Figure 4.1(c)
and Figure 4.4, a large positive ∆GH∗ of 1.703 eV for its most stable configuration on
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(a) (b)
Figure 4.3: The most
energetic favorable pat-
tern for H (black ball)
adsorption on pristine
PdGa and W/PdGa.
pristine PdGa suggests the chemically inert for H intermediate. The presence of MSI
greatly modifies the catalytic performance of supported metal catalysts. In comparison
with the pure metal catalysts, most of them with a negative ∆GH∗ , all the supported
metal catalysts on PdGa have a positive value for ∆GH∗ . Especially for W/PdGa, it
shows a close to zero ∆GH∗ of 0.2 eV, comparable to that in the ideal Pt (111) catalyst
(|∆GH∗ | = 0.09 eV).[122] Therefore, a superior HER activity of W/PdGa is expected
from the thermodynamics point of view, and we will focus mainly on the W/PdGa
catalyst in the following analysis.
During the deposition of TM atoms on the substrate, the actual behavior of the
system will depend on not only the energetics of the configurations but also the
potential barriers, temperature, and deposition rate. By using CINEB method, the
minimum-energy pathway for the W atom migration between two adjacent energetic
most favorable sites is calculated. As displayed in Figure 4.1(d), the transition barrier
for the W migration is 1.6 eV, which is large enough to prevent aggregation of the
isolated W atoms, suggesting that the supported W atom can hardly diffuse to form
W clusters on PdGa.
4.4 Understanding catalytic mechanism
To confirm the crucial role of PdGa support for the excellent catalytic performance of
W/PdGa catalyst and to understand the interaction mechanism, the surface properties
of the W/PdGa are investigated in detail in this section.
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Figure 4.4: Gibbs free energy of pristine
PdGa and Tm/PdGa catalysts for hydrogen







































































































































Figure 4.5: Free-atom-like DOS nature and cation-like states of W on PdGa. Projected
DOS of 4d, 4d, 4p, 4p orbitals of surface Pd1, Pd2, Ga1, and Ga2 atoms (as indicated in
the inset of Figure 4.5) (a) before and (b) after interaction with W. (c) Calculated W 5d
DOS in bulk bcc W and W/PdGa catalyst, respectively. (d) The plane averaged charge
density difference (CDD) for W/PdGa catalyst. The top and side view of visualized
CDD with an isosurface value of 0.002 e/Å3 are also shown in the inset. The red and
blue areas represent the electron accumulation and depletion, respectively.
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4.4.1 Electronic structure engineering by MSI effects
First, the influence of PdGa support on the electronic structure of the supported
W catalyst is investigated. As indicated in Figure 4.5(a)-(c), the pristine PdGa is
semimetal with low density of states around the Fermi level, corresponding to the
unfavorable adsorption behavior of H. The electronic structure changes dramatically
after W anchoring on PdGa. It displays a greatly improved d-electron domination
around the Fermi level. Compared with bulk BCC-W, the W-5d states in W/PdGa
catalyst are atomically narrow. Most importantly, they are localized around the Fermi
level, which makes bonding with adsorbate more energetically preferred. From the
hybridization of DOS in Figure 4.5(b), this localized W 5d states near the Fermi level
comes from its weak interaction with the electronic states of the PdGa support. Such
atomically narrow d states arising from the weak interaction between substrate and its
supported metal catalyst were also recently confirmed in some other studies.[10, 31, 24]






























































































































Figure 4.6: Change of W 5d states after H adsorption. (a) Projected DOS of W/PdGa
catalyst after H adsorption. (b) Projected DOS of the active W-5dxz and W-5dz2 orbitals
of W/PdGa catalyst before and after interacting with the H intermediate. (c) The
plane averaged charge density difference (CDD) for H adsorbed W/PdGa system. The
top and side view of visualized CDD with an isosurface value of 0.002 e/Å3 are also
shown in the inset. (d) Relationship between Bader charge transfer and HER activity
(∆GH∗) of all the studied TM/PdGa catalysts. The ideal charge transfer with ∆GH∗
= 0 eV is predicted to be 0.443 e− as labelled by the pink circle in the figure.
It’s well known that the ionic and covalent bonding dominate the binding trends
between the substrate and adsorbate. Due to the presence of the large partially occupied
TSSs and smaller electronegativity of W than Pd and Ga atom, the W atom loses
0.352 e− electrons to the PdGa support based on the Bader charge analysis.[100] It,
therefore, causes an evident charge redistribution with W becoming the charge deleption
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center (Figure 4.5(d)) and a significant change of Fermi arcs distribution (Figure B.6).
Consequently, the supported W catalyst is positively charged with cation-like states,
which influences its ionic bonding characteristic with an adsorbate. Together with the
presence of the extreme narrow W 5d states that can influence the covalent bonding
characteristic. Therefore, the PdGa support allows us to combine the best properties
of heterogeneous and homogeneous catalysts.
4.4.2 Interaction mechanism study
The narrow 5d states of the supported cation-like high-valence W catalyst is
chemically active and can interact strongly with the H intermediate. After H absorption,
the W-5d states change a lot. The DOS from W-5d orbitals at the Fermi level decreases,
and the occupied H-1s orbitals present in the energy region from -4 eV to -2 eV.
Moreover, the evident orbital hybridization occurs between the H-1s and W-5d orbitals
in this energy region, as shown in Figure 4.6(a). Besides, the orbital projected DOS
of W before and after interaction with H demonstrates that the W-5dz2 and W-5dxz
related states dominate the reaction with H-1s orbital, owing to their suitable orbital
orientation (Figure 4.7 and Figure 4.6(b)). Furthermore, charge density differences
in Figure 4.6(c) and Bader charge analysis show that the adsorbed H obtains charges
from the supported W catalyst. Therefore, charge accumulation happens around the
adsorbed H with s orbital shape, while the charge depletion occurs on the supported
W catalyst. In total, a large number of charges up to 0.358 e− are transferred from the
W to adsorbed H intermediate.
The charge transfer could behave as the possible descriptor to quantify the bonding
strength between adsorbate and the supported metal catalyst. To explore the activity
relation, the Bader charge transfer are calculated and plotted as the function of the
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∆GH∗ for all supported metal catalysts, as shown in Figure 4.6(d). A maximum charge
transfer to adsorbed H (0.358 e−/H atom) is found for W/PdGa system, corresponding
to the strongest binding energy and best HER activity (∆GH∗ = 0.20 eV). The number
of charge transfer displays almost linear correlation with the ∆GH∗ , with few of them
(Ru, Ni, Pt) slightly deviated. The obtained linear relationship suggests an ideal charge
transfer (0.443 e−/H atom approximately) to design a highly active TM/PdGa catalyst
for HER.
4.5 Experimental verification
To verify the prediction in the previous section, PdGa nanostructures was synthesized
by a solid states reaction procedure. W single atoms with a very low concentration
(∼1wt%) were then loaded according to previous reports to avoid agglomeration.[139, 90]
The phase and crystallinity of the as-prepared PdGa carriers were verified by powder
XRD and SEM (Figures B.1 and B.2). Subsequently, the as-prepared PdGa carriers were
mixed with Na2WO4·2H2O solutions, to produce the supported W catalyst (W/PdGa).
The successful anchoring of W atoms is revealed by the corresponding SEM and EDS
spectroscopy (Figure B.3). The HER catalytic activity of the investigated catalysts was
evaluated using a standard three-electrode electrochemical cell in 0.5 M H2SO4. The
catalyst mass loading on a glassy carbon electrode was around 0.5 mg cm−2. All details
about the experimental procedures of materials synthesis, materials characterizations,
and electrocatalytic characterization are given in appendix B. As shown in Figure 4.8(a),
the LSVs after iR-compensation for the 20% Pt/C, PdGa, and W/PdGa catalysts show
that Pt/C catalyst exhibits superior HER catalytic activity with a near zero onset
potential, as well as a low overpotential of 23 mV to reach a current density 10 mA
cm−2. Expectedly, PdGa nanostructured catalysts gave poor HER performance with
a large overpotential of more than 290 mV at 10 mA cm−2 due to its unfavorable H
intermediate bonding strength. In contrast, the W/PdGa catalyst exhibits a greatly
optimized catalytic activity, giving a low overpotential of 97 mV to produce the same
cathodic geometric current density. Moreover, the W/PdGa catalyst achieved a Tafel
slope of 78 mV/dec, much smaller than that of PdGa (111 mV/dec) (Figure 4.8(b)). The
above merits of the W/PdGa, including low overpotential and Tafel slope, is superior
to most previously reported earth-abundant single atom catalyst and even comparable
with some Pt-based catalysts (Figure 4.8(c)).[143, 73, 141] This demonstrates the vital
role of PdGa carrier to the HER activity of W sites.
For a fair comparison of the HER catalytic activity, the polarization curves were
normalized by the ECSA. The ECSAs were obtained by testing the double-layer
capacitance (Cdl) of the corresponding catalysts. This value for Pt/C and W/PdGa
is 0.4 and 3.55 mF cm−2, respectively (Figures B.4 and B.5). This indicates a much
smaller electrochemically active surface area for the catalysts with PdGa carrier. The
results are not surprising because of the low loading of W elements on PdGa carriers.
As shown in Figure 4.8(d), the specific activity of W/PdGa is comparable with the
state-of-the-art Pt/C catalysts. The exchange current densities (j0) were calculated to
demonstrate the high inherent HER activity (Figure 4.8(e)). This value for W/PdGa
was determined to be 0.92 mA cm−2, which was close to that of Pt/C (1.2 mA cm−2)
and significantly larger than that of PdGa carrier (0.06 mA cm−2) and the other studied
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Figure 4.8: Superior activity and stability of W/PdGa catalysts. (a) LSV polarization
curves of PdGa, 20% Pt/C and W/PdGa catalysts (with iR correction). (b) Tafel
plots derived from the results given in Figure 4.8. (c) Overpotential and Tafel slopes of
W/PdGa catalysts in comparison with other representative catalysts. (d) Exchange
current density for the PdGa, 20% Pt/C and W/PdGa samples derived from the Tafel
plots. (e) Mass activity of W/PdGa and comparison with the state if the art catalysts
of 20% Pt/C and 40% Pt/C. (f) LSV polarization curves of W/PdGa before and after
5 h stability test.
precious single atom catalysts.[73, 110] Distinctly, W/PdGa give a remarkable high
TOFs of 1.8 s−1, even higher than that of Pt/C (1.3 s−1) and representing one of the
best solid-state earth-abundant catalysts.[110, 12, 25, 13] Finally, The electrochemical
stability of W/PdGa and Pt/C catalysts were investigated by the current-time (i-t)
test at a constant overpotential (Figure 4.8(f)). W/PdGa has extremely high stability
with negligible decay in HER performance in 5 h. All the above merits of investigated
catalysts indicate that PdGa carriers can boost and can maximize the catalytic activity
of W atoms, highlighting the vital role of PdGa.
4.6 Conclusions
In summary, in this chapter we have demonstrated that the topological chiral
semimetal PdGa can significantly modify the HER performance of supported transition
metal catalysts via the MSI approach. The prepared W/PdGa exhibits an impressive
turnover frequency of 1.8 s−1, superior to that of the commercial Pt/C catalyst. The
theoretical calculations reveal that the W-5d states in W/PdGa are atomically narrow
due to a moderate hybridization with PdGa TSSs. Such hybridization results in a
localized positive charge on the W active site. The modified electronic structure of
the supported W catalyst gives rise to favorable bonding energy with the hydrogen
intermediate and leads to a high HER catalytic efficiency. This highlights the importance




Manipulating the surface states in
Nb2S2C
Enhancement of basal plane electrocatalytic hydrogen evolution activity
via joint utilization of trivial and non-trivial surface states
Q. Yang, C. Le, G. Li, T. Heine, C. Felser, and Y. Sun
Applied Materials Today 22, 100921 (2021)
The inert MoS2-like basal plane can be activated by synergistic using of trivial surface
states (SSs) and nontrivial TSSs. For the Nb2S2C, the trivial SSs behave as the
electron donor for H adsorption, while the TSSs act as electron acceptors to modulate
the binding strength between the substrate and H, indicating the equally important
contribution of trivial SSs and nontrivial TSSs for surface catalytic reactions.
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The results presented in this chapter are published in the journal of Applied
Materials Today. I myself conceived the idea, designed the study, performed all
numerical calculations and analysis. C. Le assisted with the theoretical analysis. G. Li
gave scientific advice. Y. Sun and T. Heine modified the manuscript and gave scientific
advice. The project was supervised by C. Felser. Readers will find most parts of the
following chapter in the original paper of reference [136].
5.1 Introduction
The surface states (SSs) play an important role in surface catalytic reactions. For
topological chiral semimetals, due to the unique combination of crystal symmetry and
time-reversal symmetry, the SSs are mainly dominated by the TSSs. But for most
topological materials, both trivial SSs and nontrivial TSSs could be presented on the
surface, and their synergistic effects determine the adsorption, desorption, and all
kinetic processes on the surface. The relative magnitude of the effects depends on
the specific system. In fact, by careful manipulation of the synergistic effects between
trivial SSs and TSSs, the adsorbate binding strength, and therefore, the catalytic
performance of the materials can be well-controlled.
The layered transition metal dichalcogenides (TMDs), particularly MoS2, are recog-
nized as greatly promising substitutes for noble-metal-based catalysts for HER. However,
since the active sites mainly focus on side surface, their performance is strongly limited
by the large inert basal plane. Hence, it is desirable to develop facile strategies to
optimize the inert basal plane. Various techniques, such as phase engineering, defect
engineering, strain engineering, and chemical doping have been developed to overcome
this limitation and activate the inert basal plane of MoS2.
In this chapter, a well-designed new strategy is proposed to make the activation
and optimization of the inert basal plane by carefully manipulating the synergistic
effect between the trivial SSs and nontrivial TSSs. The first example of the successful
activation of the inert basal plane is reported in topological semimetal Nb2S2C, and
the in-depth surface interaction mechanism is investigated in detail.
5.2 Materials selection
As the starting point, the selection of representative material is a priority. The
focus is put on experimentally realizable structures from the ICSD database, putting
constraints regarding MoS2-like geometric structure and well-recognized TSSs on the
material selection.
5.2.1 MoS2-like geometric structure
In 2002, Samaki et al. synthesized 1T-Nb2S2C for the first time, and determined
that it presented trigonal crystal structure with the P 3̄m1 (164) space group.[99] As
illustrated in Figures 5.1(a) and 5.1(b), Nb2S2C crystals present a unique layered
structure, in which S-Nb-C-Nb-S quintuple layers are linked to one another in AA
stacking via vdW forces. For the Nb-C-Nb layers, each [Nb6C] octahedron shares
six of its twelve edges with adjacent octahedra and the corner Nb atom is shared
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by three octahedra. The edge linking of [Nb6C] octahedra is a common structural
feature of transition metal carbides, and the vdW interactions between S layers are a
typical structural property of transition metal sulfides. Therefore, it exhibits MoS2-like
geometric structure and S-terminated basal plane.














Figure 5.1: Crystal structure of Nb2S2C. (a) Side and (b) top view of the crystal
structure of Nb2S2C. The interlayer distance d is 2.855 Å, which is the typical vdW
distance. (c) Primitive Brillouin zone of Nb2S2C.
5.2.2 Well-distinguished topological surface states
More importantly, as depicted in Figure 5.2, the band structures of Nb2S2C without
and with spin-orbital coupling (SOC) show that in the absence of SOC, band inversion
occurs between the Nb-4dz2 , S-3px, and S-3py dominated bands near the Fermi level.
With the protection of c3z rotation symmetry, a Dirac point appears owing to band
inversion. Once SOC is included, the Dirac point is broken and the band structure of
Nb2S2C opens a SOC gap at each k-point without band crossings, which enables us
to define a Z2 topological invariant. By calculating the parities at the time-reversal
invariant momenta,[26] as shown in Table 5.1, it is determined that the inverted band
gap between bands 19 and 20 form a nontrivial Z2 index (1; 0,0,1).[6, 120, 148] Therefore,
TSSs are protected in the inverted band gap. The Green function method are then
be used to obtain the surface states of a Nb2S2C semi-infinite slab by constructing
a tight-binding Hamiltonian using the maximally localized Wannier function overlap
matrix derived from the 4p and 4d orbitals of Nb, 3p orbitals of S and 3p orbitals of
C.[83, 124] As shown in the appendix Figure C.1, Dirac points associated with the
upper-surface TSSs can be easily distinguished and it emerges at approximately 0.2 eV
below the Fermi level. Therefore, Nb2S2C is a good model for the study of the inert
basal plane TSSs-related HER.
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Without SOC With SOC
Figure 5.2: Band structures of Nb2S2C without and with spin–orbital coupling. Band
inversion occurred between the Nb-4dz2 , S-3px, and S-3py orbitals in the vicinity of
the Γ point. The parities of the double degenerate band numbers 19, 20, and 21 are
illustrated.
Table 5.1: Parities of bands. Product of parities for 21 double degenerate bands at
all eight time-reversal-invariant momentum (TRIM) points of Nb2S2C. The Fermi level
is located between bands 19 and 20.
System 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Γ (0 0 0) + - + + - - + - + - - - + + + - + + +(+) - -
Z (0.5 0.5 0.5) - + - + - + + - + - + - - + - + - + -(+) - -
F (0.5 0.5 0) - + - + - + + - + - + - - - + + + - -(+) - -
L (0.5 0 0.5) - + - + - + + - + - + - - + - + - + -(+) - -
F2 (0 0.5 0.5) - + - + - + + - + - + - - + - + - + -(+) - -
A (0 0 0.5) + - + + - - - + + - - - + - + + + + -(-) - +
X1 (0 0.5 0) - + - + - + + - + - + - - - + + + - -(+) - -
M (0.5 0 0) - + - + - + + - + - + - - - + + + - -(+) - -
Z2 (TI) Z2 = 1
5.3 Methods and thickness-dependent surface states
evolution
For the chosen compound, the experimentally obtained structure from the ICSD
database with lattice parameters of a = b = 3.269 Å and c = 8.547 Å [99] is taken
as inputs for the density-functional theory calculation, which is carried out via VASP
in the generalized-gradient approximation.[48, 49] Monkhorst–Pack k-point meshes of
8×8×3 and 8×8×1 are used for bulk and pristine Nb2S2C slab calculations, respectively.
For a surface model, the slab should be thick enough to have a full representation of
the surface properties. To confirm the slab thickness, the surface energy dispersion
with the increase of the slab thickness (n) is checked. As shown in the appendix Figure
5.3, TSSs and trivial SSs present on the slab with n = 3, and they remain unchanged
when further increases the slab thickness.
Then, the easily cleaved (001) basal plane is modeled using a 5 unit-cell-thick
slab (n=5) in which the bottom three unit cells are immobilized. To simulate the H
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Trivial SSs Trivial SSs Trivial SSs Trivial SSs
TSSs TSSs TSSs TSSs
n = 1 n = 3 n = 5 n = 7 n = 10
Figure 5.3: The surface energy dispersion of Nb2S2C for the 1-, 3-, 5-, 7- and
10-unit-cell-thick slabs.
adsorption process, models in which one H adsorbed on the 1×1 and 2×2 pristine




respectively. To predict the HER activity, the Gibbs free energy of the intermediate
state, ∆GH∗ , is calculated using the following equations:[85]
∆GH∗ = ∆EH + 0.27eV (5.1)
5.4 Perfect Nb2S2C surface
5.4.1 Evaluating HER activity
Pristine Nb2S2C
The focus is then put on the HER activity of Nb2S2C in this section. As illustrated
in Figure 5.4. Firstly, the natural cleavage plane of S-terminated (001) surface is
considered for surface catalytic reactions. As depicted in the inset of Figure 5.4, under
the H coverage of 1, the most energy favorable H adsorption site is the top of S
atom with the ∆GH∗ calculated to be 1.10 eV. To accurately model the surface HER,
especially for the reaction that happens with Volmer-Heyrovsky route, the interfacial
solvent effect is also considered to see how it influences the ∆GH∗ by using the implicit
solvent model implemented in VASPsol with a dielectric constant of 80.[79] It is found
that the corresponding ∆GH∗ is 1.083 eV, indicating that solvation effects have a
negligible influence on the ∆GH∗ . Therefore, solvation effect can be ignored in the
following calculations. When the H coverage decreased to 1
4
, the adsorbed H atom
remains at the top of S atom with ∆GH∗ slightly decreased to 0.86 eV, indicating the
weak bonding strength of H. Because the adjacent layers of Nb2S2C are coupled via
weak vdW interactions, during the material synthesis, the number of layers can vary
greatly. Therefore, the ∆GH∗ for 10 unit-cell-thick slab (n=10) is also calculated to
study the effect of slab thickness on the HER performance. At the same H coverage
of 1, the ∆GH∗ for n = 10 is 1.097 eV, showing a negligible modification compared
with that of n = 5 (∆GH∗ = 1.10 eV). It confirms that the HER performance of the
material is robust against the slab thickness.
Monolayer Nb2S2C
Nb2S2C possesses synergistic structural characteristics of both transition metal
sulfides and transition metal carbides. Moreover, its interlayer adjacent vertical distance
is 2.855 Å, which implies weak interlayer interactions. Therefore, monolayer (ML)
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Figure 5.4: Calculated Gibbs
free energy of perfect and S-
vacancy Nb2S2C basal plane (S-
v Nb2S2C). For perfect Nb2S2C
basal plane, H coverage of 1 is ap-
plied for calculation. The Gibbs
free energy of monolayer (ML)-
MoS2[63] is also included for com-
parison. The insets are the side
view of optimized atomic struc-
tures of Nb2S2C and S-v Nb2S2C
with H atom (black ball) adsorb-
ing on the basal plane. Herein,
the thickness of the one-unit-cell
is displayed for Nb2S2C and S-
v Nb2S2C, while their five-unit-













Nb2S2C could be obtained using the same methods used to fabricate systems such as
MoS2. It is interesting to investigate the possibility of obtaining the ML Nb2S2C, as
well as its HER catalytic activity. In this section, the stability of ML Nb2S2C and its
∆GH∗ are studied detailed.
Figure 5.5(a) illustrates the crystal structure of ML Nb2S2C, and its optimized
lattice constants: a = b = 3.272 Å. In addition, the cleavage energy (Ecl) of Nb2S2C
is calculated, and the results are presented in Figure 5.5(b). The Ecl of ML Nb2S2C
is 0.42 J/m2 and the theoretical cleavage strength is 1.5 GPa. The Ecl of Nb2S2C is
identical to that of MoS2[4] and comparable to that of graphite (0.37 J/m
2),[149, 142]
which indicates the high feasibility of obtaining ML Nb2S2C via the experimental
exfoliation of bulk samples. From the thermal and dynamical stabilities aspects. The
calculated cohesive energy (Ecoh) and phonon spectra of ML Nb2S2C are illustrated in
Figures 5.5(c) and (d), respectively. The Ecoh of ML Nb2S2C (5.71 eV/atom) is larger
than those of SL Nb2C (5.68 eV/atom) and NbS2 (4.64 eV/atom). For comparison,
the values of experimentally fabricated ML graphene, silicene, and phosphorene and
theoretically predicted ML Be5C2 are 7.95, 3.71, 3.61 and 4.58 eV/atom, respectively,
at the same theoretical level.[123] The large Ecoh of ML Nb2S2C indicated that ML
Nb2S2C is a strongly connected network system, which is very likely to be highly stable.
Moreover, no imaginary phonon modes are present in ML Nb2S2C, which suggests its
kinetic stability.
It’s noted that the structure of ML Nb2S2C is similar to that of MXenes,[29] but
quite different from the MXenes which are usually synthesized by selectively etching
away the A-element atoms from parent layered ternary or quaternary carbides/nitrides
in the solution of HF, giving rise to the mixture of O, OH and F functional groups
presented on the basal planes, the ML Nb2S2C with ideal homogeneous surface S
termination can be obtained by exfoliating from the bulk Nb2S2C crystal based on
the predictions. Then, the ∆GH∗ of ML Nb2S2C is evaluated, it is calculated to be
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Figure 5.5: Structure and stability of monolayer (ML) Nb2S2C. (a) Optimized
geometries of ML Nb2S2C and lattice vector-labeled unit cell. (b) Calculated cleavage
energy (Ecl) as a function of the separation distance in bulk Nb2S2C. Inset: geometry
of introduced fracture used for exfoliation simulation. The values of ML MoS2 (0.42
J/m2),[4] graphene (0.37 J/m2),[149, 142] and TiS3 (0.2 J/m
2[20] are listed for reference.
(c) Calculated cohesive energy (Ecoh) of ML Nb2S2C. The calculated Ecoh of ML Nb2C
and NbS2 are included for comparison and the values of graphene, silicene, phosphorene,
and Be2C2 are listed for reference. (d) Phonon band dispersion of ML Nb2S2C.
1.01 eV at the H coverage of 1
4
, much smaller than that of 2H-MoS2, which could be
ascribed to the good conductivity presented in the ML Nb2S2C. Moreover, it’s worth
noting that under the same H coverage, the bulk and surface properties of Nb2S2C
for H adsorption are superior to those of ML Nb2S2C and 2H-MoS2. It indicates that
the bulk properties of Nb2S2C can benefit for the H adsorption, but only to a certain
extent, because the binding strength toward the adsorption of H is still too weak.
5.4.2 Origin of the optimized hydrogen binding strength
To understand the mechanism behind the remarkable catalytic activity of Nb2S2C,
in this section, the surface properties of the Nb2S2C basal plane before and after H
adsorption are comprehensively studied.
Owing to topological protection, the TSSs are robust but their shapes are strongly
dependent on the details of the environments of the surfaces. As presented in Figures
5.7(a) and appendix 5.6(a), for pristine Nb2S2C basal plane, before H adsorption, the
Dirac points associated with the upper-surface TSSs emerge at approximately 0.2 eV
below the Fermi level, and are mainly dominated by the S-3px and S-3py orbitals.
Furthermore, the partial charge density distribution of the upper-surface TSSs at the Γ
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point presented in Figure 5.7(c) indicates that the TSSs are located on the surface S
atoms. Therefore, these findings strongly indicate that the TSSs are distributed on the
basal plane, which plays an important role in surface catalytic reactions. Moreover,
owing to the weak coupling between the Nb2S2C layers, after the creation of the Nb2S2C
(001) surface, trivial SSs present on the surface. That is confirmed by the presence
of some S-3pz-orbital-derived density of states near the Fermi level, as illustrated in
Figures 5.7(b) and 5.6(a), suggesting the coexistence of the S-3pz-orbital-derived trivial





























Figure 5.6: Orbital-weighted electronic band structure of the top surface S atom on
pristine Nb2S2C basal plane (a) before and (b) after H adsorption.
After H adsorption, the chemically active S-3p orbitals can interact with the
adsorbed H, the S-3p orbitals change significantly, the peak of the S-3pz orbitals at
the Fermi level disappears, and empty S-3pz orbitals present in the energy range of
1.2-1.8 eV, as demonstrated by the projected density of states in Figure 5.7(e) and
S-3pz-orbital-weighted band structure in Figure 5.6(b). In addition, more occupied
S-3px and S-3py-orbital-derived states emerge below the Fermi level after H adsorption,
and orbital hybridization occurs between the H-1s and S-3p orbitals in the energy range
of 0-1.7 eV. Moreover, as presented in Figure 5.7(f), charges are redistributed; charge
accumulation occurs on the adsorbed H atom and S-3px and S-3py orbitals, whereas
charge is depleted on the S-3pz orbitals. Therefore, the trivial SSs and nontrivial TSSs
are directly involved in H adsorption, and that is also confirmed by the orbital-weighted
band structure diagrams in Figures 5.6 and 5.8.
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Figure 5.7: Surface properties of the 1×1 pristine Nb2S2C basal plane before and
affect H adsorption. Surface energy dispersion (a) before and (d) after H adsorption.
The red lines indicate the surface states projected from the top one unit cell. The bulk
projected states are shown in blue as the background. Projected density of states on
the surface S atom (b) before and (e) after H adsorption. (c) Partial charge density
distribution of pristine Nb2S2C at the Γ point within the energy range of -0.2 to -0.1
eV. (f) Charge density difference plot of H adsorbed on the Nb2S2C basal plane. The
isosurface values are all set to 0.005 e/Å3. The thickness of the one-unit-cell is displayed
in (c) and (f), and a five unit cells thick slab is used for the calculations.
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5.5 Introducing defect on surface
After the crucial role of the synergistic effect of the trivial SSs and nontrivial TSSs
during H adsorption is confirmed, it can be concluded that the H binding strength on
the basal plane of Nb2S2C is greatly improved compared with that on 2H-MoS2, which
does not contain S-3pz-orbital-derived trivial SSs or nontrivial TSSs on its pristine
S-terminated surface. However, the small fraction of trivial SSs and their delocalization
caused by the S-3pz orbitals of the pristine Nb2S2C basal plane limit H binding and
facilitate the weak interactions between substrate and H. These findings are reflected in
the relatively large of 1.10 eV and small fraction of charges (0.027 e−) that transferred
from the substrate to the adsorbed H.
(a) (b)
Figure 5.9: Energetically most favorable site for one H adsorption on the different
substrates. (a) 2×2 pristine Nb2S2C basal plane. (b) 3×3 one S-vacancy Nb2S2C basal
plane.
Point defects are unavoidable during the material preparation processes. It has been
widely recognized that the defects in MoS2 play an essential role in altering its properties
in various ways, and hence, affect its performance.[59, 15, 91] Nb2S2C has MoS2-like
S-terminated basal plane synthesized by the topochemical reaction. In addition, the
presence of the TSSs is robust against the defects, impurities and disorders.[61, 138]
Therefore, the defective Nb2S2C basal plane is investigated in this section.
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5.5.1 Evaluating the stability and HER activity of defected-
Nb2S2C
To simulate the S-defect, a 3×3 slab model with one S vacancy on the Nb2S2C basal
plane are constructed, which corresponds to the small concentration S-vacancy of 11%,
and Monkhorst–Pack k-point meshes of 3×3×1 and 6×6×1 are used for the geometry
optimization and electric characteristic calculations. Based on the formation energy
analysis, it is found that it is possible to obtain 11% S-vacancy on Nb2S2C. Besides,
this S-vacancy site is expected to be preferentially occupied by H other than H2O
molecule under the acidic aqueous conditions (the details are given in the appendix D).
The hollow site of three exposed Nb atom becomes the energetically most favorable
site for H adsorption as shown in the inset of Figure 5.4 and Figure 5.9(b), and the
∆GH∗ is greatly optimized to 0.31 eV. Due to the broken Nb-S bonds, it induces the
formation of local dangling bonds, and therefore, it is predicted that the combined
presence of trivial dangling-bond SSs and nontrivial TSSs facilitates the HER at the
basal plane, where ∆GH∗ is close to 0 eV.





































Figure 5.10: Orbital-weighted electronic band structure of the Nb atom on (a) 3×3
pristine Nb2S2C and 3×3 Nb2S2C with one S vacancy (b) before and (c) after H
adsorption.
5.5.2 Understanding the mechanism
In this section, the origin of the greatly optimized hydrogen binding strength on
defected-Nb2S2C is discussed. Before the creation of the S vacancy, as shown in Figures
5.12(a)-(c) and 5.10(a), for the target Nb atom, it is the Nb-4dz2 orbitals that mainly
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dominate the upper-surface TSS Dirac bands. The Nb-4dz2 orbital is perpendicular to
the basal plane and thus has a suitable orbital orientation for interacting with H 1s
orbital. However, it locates at the sublayer, which prevents overlap between the Nb-4dz2
with orbtials of the hydrogen adorbates. When S-vacancy is introduced, this Nb atom
is exposed, as shown in Figures 5.12(d)-(f) and 5.10(b), the upper surface TSS Dirac
bands are still mainly dominated by the Nb-4dz2 orbitals. Owing to inversion symmetry
breaking, upper and bottom TSS Dirac bands are not degenerated anymore. With
broken Nb–S bonds on the surface, new bands appear around -0.5 eV below the Fermi
level, and these states are mainly dominated by Nb-4dx2 and Nb-4dxz orbitals. The
corresponding partial charge density distribution in Figure 5.12(f) indicates that these
new states mainly localize around the S-vacancy, and they are responsible for hydrogen
adsorption on the S-vacancy. After H adsorption, as shown in Figures 5.12(g)-(i),
5.9(b), and 5.10(c), the H atom prefers to stay at the hollow site of three exposed
Nb atoms. Due to the suitable orbital orientation, the chemically active Nb-4dx2 ,
Nb-4dxz, and Nb-4dz2 states can interact strongly with the adsorbed H and hybridize
strongly with the H-1s orbitals. Besides, these states change significantly after H
adsorption. The charge density differences and Bader charge analysis indicate that
the charge accumulation happens around the adsorbed H with s orbital shape, and
overall, the H atom acquires a large number of charges of up to 0.471 e− from the
neighboring Nb atoms. Consequently, the H-1s bands disperse in the deep energy
region below the Fermi level, as illustrated in Figure 5.11. The elegant synergistic effect
of the robust Nb-4dz2-orbital-dominated TSSs and the Nb-4dxz and Nb-4dx2-orbital-
dominated dangling-bond SSs contribute to the greatly optimized Gibbs free energy
for electrocatalytic hydrogen evolution.
It worth noting that normally, for topological trivial materials like MoS2, by defect
engineering, one can create dangling bonds SSs to enhance the adsorbate binding
strength. In this work, by introducing the S-defect, the Nb atoms on which the TSSs
located are exposed, therefore, it not only provides the dangling bonds SSs due to the
broken Nb-S bonds but also the exposed TSSs that can participate in the chemical
reaction that happens at the surfaces, they can cooperate with each other to modulate
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the adsorbate binding strength. The joint utilization of TSSs and dangling bonds SSs
opens a new avenue toward activating the basal plane catalytic activity.
5.6 Conclusions
In conclusion, a highly desirable new strategy for activating the inert basal plane by
jointly utilizing the trivial dangling-bond SSs and TSSs of the Nb2S2C basal plane is
demonstrated. Specifically, bulk Nb2S2C is a topological semimetal with the nontrivial
Z2 index of (1; 0,0,1). Upon H adsorption, the upper-surface TSSs are directly
involved in H binding and the TSSs for both the pristine and defective Nb2S2C change
significantly. For pristine Nb2S2C basal plane, the S-3px and S-3py-orbital-dominated
TSSs act as electron acceptors to modulate the binding strength between the substrate
and H, while the S-3pz-orbital-dominated trivial SSs behave as the electron baths for H
adsorption. It indicates the equally important contribution of trivial SSs and nontrivial
TSSs for surface catalytic reactions. For defective Nb2S2C, it exposes the Nb atom
on the basal plane and induces more local trivial SSs around Fermi level, hence, the
chemically active Nb-4dz2-orbital-dominated TSSs and Nb-4dx2 , 4dxz-orbital-dominated
trivial SSs can interact directly with the adsorbed H. Owing to the synergistic effect
of trivial SSs and nontrivial TSSs, the defective Nb2S2C basal plane presents greatly
optimized activity toward HER with a low ∆GH∗ of 0.31 eV. This study provides
a promising strategy for the optimization of the electrocatalytic hydrogen evolution
activity on the basal-plane of Nb2S2C via the synergistic effect of trivial SSs and
nontrivial TSSs.
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Figure 5.12: Surface properties of 3×3 pristine Nb2S2C and 3×3 Nb2S2C with one
S vacancy before and after H adsorption. Surface energy dispersion of (a) pristine
Nb2S2C and 11% S-vacancy Nb2S2C (d) before and (g) after H adsorption. The red
lines indicate the surface states projected from the top one-unit-cell. The bulk projected
states are shown in blue as the background. Projected density of states on the same Nb
atom (as indicated by the red circle in Figure 5.9(b)) for (b) pristine Nb2S2C and 11%
S-vacancy Nb2S2C (e) before and (h) after H adsorption. (c) Partial charge density
distribution of pristine Nb2S2C at the Γ point within the energy range of -0.2 to -0.1
eV. The isosurface value is set to 5×10−5 e/Å3. (f) Partial charge density distribution
of 11% S-vacancy Nb2S2C at the Γ point within the energy range of -0.45 to -0.35 eV.
The isosurface value is set to 4×10−4 e/Å3. (i) Charge density difference plot of H
adsorbed on the 11% S-vacancy Nb2S2C basal plane. The isosurface value is set to
0.002 e/Å3. It’s noted that the five-unit-cell–thick slabs are used for all calculations,
while the thickness of the three-unit-cells is displayed in (c) and (f), and one-unit-cell
is displayed in (i).
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Chapter 6
Descriptor Based on the Bulk Band
Structure Effect
Descriptor for Hydrogen Evolution Catalysts Based on the Bulk Band
Structure Effect
Q. Xu, G. Li, Y. Zhang, Q. Yang, Y. Sun, and C. Felser
ACS catalysis 10 (9), 5042-5048 (2020)
A new descriptor, projected Berry phase (PBP), that only depends on the bulk electronic
structure is developed to describe the hydrogen evolution reactivity of the well-known
nonmagnetic transition-metal electrocatalysts.
The results presented in this chapter are published in the journal of ACS catalysis.
The numerical calculations were performed by me, Q. Xu, and Y. Zhang. C Felser, Y.
Sun., and G. Li conceived the study. Q. Xu and Y. Sun analyzed the data and provided
the plots. G. Li and Y. Sun wrote the manuscript with all co-authors. Readers will
find most parts of the following chapter in the original paper of reference [132].
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6.1 Introduction
The overall HER reaction rate is closely related to the bond strength between the
intermediate and the active sites, which is the theoretical basement of the d-band
theory. Finally, a volcano-shaped form is obtained by plotting the exchanged current
densities with the hydrogen adsorption free energy (∆GH) at the equilibrium potential.
It states that the metal-hydrogen bond should not be too strong or too weak. If the
binding is too strong, the desorption step (Heyrovsky or Tafel) becomes difficult and
limits the overall reaction rate; if the binding is too weak, the adsorption (Volmer) step
will be the predominant mechanism and rate-limiting step. This has been commonly
used as a "descriptor" for describing the hydrogen evolution activity and guiding the
search for new catalysts. It should be noted that such a volcano picture is based on
the viewpoint of thermodynamics and overlook the kinetically determined barrier part.
This brings a lot of puzzles when merely using the descriptor ∆GH ≈ 0 to evaluate the
efficiency of a catalyst. Therefore, the kinetics part of the reaction which is governed
by the transition state with the highest free energy should be taken into consideration
when an overpotential is applied. However, the hydrogen binding energy near the
equilibrium still provides an important indication for the searching of HER catalysts
with high performance.
A further investigation of the traditional volcano plot found that both the adsorption
energy and the metal-hydrogen bond strength can be related to simple physical descrip-
tors such as work function [117, 119] and d-band center or d-band shape of catalysts.
Because both the work function and the d-band center are physical parameters that
are strongly dependent on the electronic structure, the efficiency of the catalyst should
be understood from fundamental electrical properties. Though the chemical reaction
of HER happens on the surface, the surface itself is strongly dependent on the bulk
band structure. For example, the electrochemical performances of some catalysts are
naturally much better than others, regardless of their morphology, defects, or even mass
loading. Pt is such a catalyst with high intrinsic activity. Moreover, strategies such as
introducing defects, doping, nanostructuring, and coupling with graphene [104, 109]
could optimize the catalytic centers efficiently and boost the catalytic activities by
orders of magnitude. In the last decade, with the observation of some high-efficiency
catalysts in topological materials,[94, 55, 58, 11, 129, 61, 60] lots of efforts had been
devoted to understanding the topological effect. It is believed that topological materials
should be good candidates as high-efficiency catalysts because of their robust surface
states and high mobilities caused by linear band crossing. Very recently, the best
catalyst Pt was proposed to be a Z2 topological semimetal,[134] which implies the
possible relation between topological band structure and catalysis. However, it was also
found that the catalytic efficiencies of the other similar Z2 topological semimetals,[134]
such as Ptś neighbors Au and Ag, are inferior to Pt. Therefore, the quantum topological
invariant would not be a good descriptor that connects the catalytic efficiency and
topological band structure, and some noninteger quantities that can describe more
details are needed when considering the intrinsic bulk band structure. This inspired us
to think about the possibility of extracting an intrinsic physical parameter from the
bulk electronic structure that is strongly related to the catalyst performance. In this
work, we defined a parameter that only depends on the intrinsic electronic structure of
an ideal bulk single crystal, and this parameter has a good linear relationship with the
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exchange current densities. This work may provide an effective way to understand the
catalysis from fundamental intrinsic physical parameters of bulk electronic structure.
Figure 6.1: Motivation of this work. There is an assumption that the HER catalytic
process is decided by the combined effect of electronic conductivity, carrier density,
carrier mobility, adsorption energy, and so forth. The effects of the electronic structure
can be classified into two groups: bulk and surface contributions. The bulk contribution
mainly depends on the band entanglements and Fermi surface
Our motivation is schematically shown in Figure 6.1. The HER occurs at the surfaces
of catalysts, which are generally loaded on the cathode of the electrochemical system.
Electrons are first injected into the catalyst, which then populates the valence band
up to the highest occupied molecular orbital (HOMO, Fermi level). With a negative
potential applied on the cathode, the electron energy can be governed and raise the
Fermi level above the lowest unoccupied molecular orbital (LUMO) of the adsorbates
(H+). Thus, electrons can flow into the empty orbitals on H adsorbates and the
reduction process (Volmer step) takes place. With this in mind, we can conclude that
besides chemical stability and economical consideration, a good HER catalyst with high
catalytic performance is controlled jointly by various physical characteristics, including
electrical conductivity, carrier velocity, carrier mobility, adsorption energy, and so
forth.36,37 All these physical parameters are decided by electronic structures. Because
the surface is smoothly connected with bulk, the surface states (both topological surface
states and dangling bonds) are originally decided by the bulk electronic structure in
some sense. The effect of the bulk structure on the other physical properties is normally
separated into two contributions: Fermi surface and band entanglement. The Fermi
surface contribution depends on lots of details, such as impurities, defects, scatterings,
and so forth. In comparison, the band entanglement is a pure intrinsic contribution
that only depends on the ideal band structure of a pure single crystal. Thus, it should
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be robust as long as the crystal structure is clean enough. Our goal in this work is to
obtain a pure intrinsic bulk parameter that might be related to the catalytic process
through exchange current density.
6.2 Computational details
The ab-initio calculations were performed by the DFT code full-potential local-
orbital minimum basis (FPLO).[45] The exchange-correlation energy was considered in
the generalized gradient approximation (GGA) level.[88] We projected the ab-initio
DFT Bloch wave function into atomic orbital-like Wannier functions with diagonal
position operator. Based on the highly symmetric Wannier functions, we constructed
effective tight-binding model Hamiltonians and calculated the projected Berry curvature
by equation 6.2. A dense k grid 480×480×480 was used for the integral.
6.3 Projected Berry curvature and projected Berry
phase
Among the intrinsic parameters in solid-state crystals, the Berry phase and the
Berry curvature of the electronic wave function have their special positions. They have
a profound effect on topological and electrical properties in materials that are related to
the carrier density, velocity, mobility, and so forth.[128] The natural advantage of the
Berry phase should make it an acceptable candidate to analyze the intrinsic effect of the
electronic structure in the catalyst. However, because the Berry curvature is odd with
respect to time reversal symmetry and even with respect to space inversion symmetry,
there is no Berry phase (integral of Berry curvature across the whole reciprocal space)
in the nonmagnetic system. Thus, the Berry curvature is forced to be zero at any point
in a system with time reversal and space inversion symmetry.[128] Because most of the
HER catalysts are nonmagnetic compounds (such as the transition metals) with the
highly symmetrical crystal structure, the strict symmetry requirement of the Berry
phase strongly limits their application in catalysts.
From the definition of the Berry curvature





〈nk | νx | mk〉〈mk | νy | nk〉
(Enk − Emk)2
(6.1)
in which νi (i = x, y) indicates velocity operator and | nk〉 is the eigenvector of the
Hamiltonian H with the eigenvalue Enk, it is easy to find the important characteristic
that the size of the Berry curvature can reflect the strength of entanglements of the
states at different bands and transversal current. Therefore, we can try to extract
another parameter from the Berry curvature that satisfies the requirement to reflect
these two properties and even with respect to a time reversal symmetry. With this
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Through the project operator p, only half of the wave function is used. Equation
6.2 becomes even with respect to time reversal operation, but it can still reflect the
band entanglements and transversal carrier current. Analogous to the ordinary Berry
curvature, we call Fxy and the module of the integral γ =|
∫
k Fxy(k)dk | as the projected
Berry curvature (PBC) and projected Berry phase (PBP), respectively.
6.4 Correlation between the PBP and catalytic effi-
ciency
As a fundamental understanding, we would like to choose all the well-known
transition-metal catalysts as the objects in this work. To see the possible correlation
between the PBP and the efficiency of the catalyst, we collected the exchange current
densities of HER of all the nonmagnetic catalysts among transition metals. The
summarized exchange current densities are given in Figure 6.2(a) as a function of
metal-hydrogen bond strength, which behaves like the famous volcano-type picture.
Following equation 6.2, the ab-initio calculations of the PBP were performed als. It
can be seen roughly that the catalyst with a large PBP sits on the top position of
the volcano plot.for all the selected transition met Further, a good linear relation
between the exchange current density and the PBP is found after considering the
symmetry constraint. As shown in Figure 6.2(a)-(c), all the selected transition metals
can be classified into three space groups P63/mmc (no. 194), Fm33̄m (no. 225),
and Im3̄m (no. 229). For the selected elements in each space group, PBP and HER
exchange current have a good linear relation, see Figure 6.2(b). Although the strictly
mathematical logic is not clear so far, the linear relation should not be an accidental
result. It reflects an important relation between transversal current and surface chemical
reaction. From Figure 6.2(b) and the linear fitting formulas in appendix E, one can
see that the slopes of the HER exchange current to the PBP are different for each
space group, which implies that the crystal structure plays an important role in the
understanding of catalysis. The experimental measurements are strongly dependent on
the details of the environment, which will introduce unexpected extrinsic effects. The
fixed slope for a given space group illustrates that the extrinsic contributions should
be similar to the transition metals in the same group. Meanwhile, the difference of
each slope implies that the details of extrinsic contributions also vary among different
groups.
Besides the metal-hydrogen bond strength, the catalytic efficiency can be also
described by the work function and the d-band center. Therefore, PBP and work
function (or d-band center) should follow a similar relation. Taking the work function
as an example, Figure 6.2(c) shows the PBP as a function of collected work functions
from experimental studies. As expected, the relationship between PBP and work
function is still a linear relation for all three groups. Because the work function is
strongly dependent on the location of the Fermi energy, we can expect more information
about PBP after taking the Fermi level into consideration.
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Figure 6.2: (a) Well-known volcano-type plot of exchange current density (logarithm
form) for HER as a function of metal-hydrogen bond strength for the collected exper-
imental data from the literature.[117, 17] Plot of (b) PBP vs the exchange current
density (logarithm form) and (c) PBP vs the work function [117, 21] for HER have a
good linear relation for the selected data after considering symmetry constraint. All
the collected elements can be classified into three space groups. The red, blue and
green circles in (a-c) represent space groups P63/mmc (no. 194), Fm3̄m (no. 225),
and Im3̄m (no. 229), respectively. (d) Fermi-energy-dependent PBP for the three
transition metals Pt, Au, and Pd. (e,g) The comparison of energy dispersion for (e)
Pt and Au, and (g) Pt and Pd. (f,h) The comparison of PBC distribution along high
symmetry lines for (f) Pt and Au and (h) Pt and Pd. The red, blue, and green curves
in (d-h) represent Pt, Pd, and Au, respectively.
In order to explore the Fermi energy effect, we compare the energy-dependent PBP
of the adjacent elements with only one electron difference. Because Pt is believed to be
a state-of-the art catalyst, we take Pt and its neighbor Au, which is considered to be a
poor catalyst from both experimental and theoretical points of view, as an example.
From the PBP which is a function of the Fermi energy and shown in Figure 6.2(d), one
can easily see that the Fermi energy-dependent PBP for Pt and Au almost share the
same shape, only with a shift of one electron in the energy space.
Because there is only one electron difference for Au and Pt, the band structure
of Au can almost overlap with Pt after shifting the Fermi level about one electron,
as presented in Figure 6.2(e). Because of the difference of the band structure at the
Fermi level, the distributions of PBC are completely different. Owing to the strong
band entanglement induced by a small band gap around the Fermi level, the PBC of Pt
forms peaks around the high symmetry points of X and L. However, the strong band
entanglement does not exist anymore after shifting the Fermi energy. This will lead
to the almost disappearance of the peak values in Au (see Figure 6.2(f)). The huge
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difference of PBC distribution in reciprocal space is directly caused by the difference of
the PBP after calculating the integral. Therefore, the effect of the chemical potential
location is consistent with the d-band center and the work functions.
Figure 6.3: Theoretical result (purple hollow dots) of PBP vs exchange current density
for the compounds with space group Fm3̄m. The blue dot line is the fitting model in
Figure 6.2(b). The red solid points are experimental results in our work. Pt7Cu is the
superlative one and has been verified experimentally.
In addition to the location of chemical potential, we also find some other parameters
that can influence the magnitude of the PBP. These parameters can be qualitatively
identified by a comparison between two elements in the same column with the same
space group. For convenience, we also take Pt as an example. The other element is
its neighbor Pd in the same column. From Figure 6.2(d), we can see that the PBPs
of Pt and Pd both have peaks and share the same trend around the charge neutral
point. This similarity should be a result of a similar chemical environment of their
shell electrons.
To observe their similarities and differences, we also compare their energy dispersion
and PBC along the high symmetry lines. As shown in Figure 6.2(g), Pt and Pd have
similar energy dispersions around the Fermi energy. However, owing to the difference
of spin-orbit coupling strength, atomic diameter, and some other details, there are
some tiny differences in their energy dispersions. Therefore, Pt cannot overlap with Pd
nor Au with a shifted Fermi level. These tiny differences result in the differences of
PBC distribution in reciprocal space. Owing to the strong band entanglement which is
induced by a small band gap, both Pt and Pd show peaks in PBC around the high
symmetry points L and X (see Figure 6.2(h)). Furthermore, almost all the peaks
of PBC in Pt are positive, whereas Pd displays a negative peak around the X point
and the widths of these peaks are relatively narrow when compared with Pt. The
differences of PBC distribution lead to a small peak in PBP for Pd, which is also
in agreement with the difference of the catalytic efficiency for Pt and Pd. Although
the shell electrons of the elements in the same column of the periodic table have a
similar chemical environment, the difference of spin-orbit coupling strength and atomic
diameter have a strong influence on their intrinsic contributions.
After establishing the linear relation between exchange current density and PBP,
one can try to expect the catalytic efficiency via the PBP with the symmetry constraint.
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Because Pt is the best catalyst as is known, we use the space group Fm3̄m as the
example to show the possible candidates of HER catalysts. First of all, the PBP
values γ of the compound with space group Fm3̄m, whose structures are downloaded
from the Inorganic Crystal Structure Database, are calculated with the same method.
Setting the γ values of these aim compounds as the input, we can get the exchange
current densities (purple dots in Figure 6.3) using equation E.2 in appendix E. From
the comparison, one can easily see that the record of Pt is not broken even after
scanning all the compounds, which also illustrates the fact that Pt is the most popular
HER catalyst. In the end, we find some good candidates between Pd and Pt. If these
compounds are chemically stable, we can expect good catalytic efficiency from them.
6.5 Conclusions
In summary, with the proposed parameter PBP, we systematically studied the bulk
intrinsic effect for the electronic structure of transition-metal HER catalysts. It was
found that the PBP and the exchange current for HER has a linear relation after taking
the symmetry constraint into consideration. For a given crystal structure, the effect
of extrinsic contribution was very similar to the catalysts with the same group and
varied significantly with the catalysts with different groups. The analysis of the PBC
of neighboring elements with the same space group illustrated the importance of the
Fermi level location, which agrees with the previous d-band center and work function
models. Meanwhile, the spin-orbit coupling and atom diameters are also important





In this thesis, the electrocatalytic hydrogen evolution activity in several topological
semimetals and the detailed interaction mechanism between surface states, electron
transfer, and surface catalytic reactions are studied using first-principle calculations as
implemented in the VASP package. In chapter 1, the HER catalytic mechanism and
its current challenges are briefly discussed. The importance of introducing the TSSs is
then be revealed. Subsequently, a historical review of topology, topological materials,
and the most recent progress on the tailoring of catalytic reactions using topological
materials is given. Chapter 2 presents the theory and computational methods used
throughout the thesis. First, a detailed derivation of the Berry curvature is presented,
as it is an essential physical feature of the topology of a material. within the theoretical
framework of the Berry curvature, the classification of topological materials and their
novel properties are then clearly described. The following three chapters constitute the
main results of this thesis, which are summarized as follows.
Chapter 3 covers our work on the topological engineering of chiral crystals for
use as high-efficiency hydrogen evolution catalysts. In this work, a new strategy
is proposed for the topological engineering of noble metal catalysts for the design
of highly efficient HER catalysts. It is found that the HER efficiency of Pt-group
metals can be boosted significantly by introducing topological order. A giant nontrivial
topological energy window and a long topological surface FA at the surface are predicted
when chiral crystals in the space group of P213 (#198) are formed. As a result, the
nontrivial topological features are resistant to large changes in the applied overpotential.
The experimental measurement results are in good agreement with the theoretical
predictions. It is found that when used as HER catalysts, PtAl and PtGa chiral crystals
show turnover frequencies as high as 5.6 and 17.1 s−1 and an overpotentials as low as
14 and 13.3 mV, respectively, at a current density of 10 mA cm−2, which exceed those
of commercial Pt and nanostructured catalysts.
Chapter 4 reports a further study on topological chiral semimetals. By combining
the first-principles calculations and experimental measurements, we find that topological
chiral semimetals such as PdGa could serve as a new type of support that can greatly
modify the adsorption behaviors of the supported metal catalysts of Mo, W, Ru, Rh,
Pd, Pt, Ni, Co, and Fe via MSI. Because of the electron transfer between the TSSs
and transition metals, the adsorption energy of hydrogen intermediates in the HER
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can decrease significantly and shift to the right side of the volcano plot. In particular,
we find that W/PdGa may be a promising HER catalyst with Pt-like activity. MSI
between the PdGa Fermi arcs and the supported W catalyst results in a high-intensity
atomically narrow W-5d electron at the Fermi level. These narrow W-5d states can
intrinsically increase the H intermediate binding, resulting in high intrinsic activity.
The results of this work reveals a valuable method of developing an efficient HER
electrocatalyst by manipulating the MSI using topological materials.
Chapter 5, describes a study on the activation of the inert basal plane for hydrogen
evolution via the simultaneous utilization of trivial and non-trivial surface states. In
this work, the HER over the topological semimetal Nb2S2C using its basal plane is
studied. We report the first successful activation and optimization of the basal plane
of Nb2S2C by the synergistic use of trivial surface states and nontrivial TSSs. We
found that the binding strength towards hydrogen adsorption on the easily cleaved
S-terminated Nb2S2C surface can exceed that of 2H-MoS2, owing to the presence of
trivial surface states and nontrivial TSSs in Nb2S2C. By creating a S vacancy on the
basal plane, the binding strength toward hydrogen adsorption can be greatly optimized.
The TSSs and dangling-bonds reduce the Gibbs free energy to 0.31 eV, which is close
to the peak of the volcano plot.
In chapter 6, a new descriptor that is projected Berry phase for hydrogen evolution
catalysts based on the bulk band structure effect is developed. A linear relationship
between projected Berry phase and catalytic efficiency of HER after considering the
symmetry constraint is found. This can be used as a descriptor for the prediction and
designing of promising catalysts for HER.
In the last chapter, 7, the main conclusions and outlook of this work is summarized.
Moreover, the challenges and controversies surrounding topological catalysis is discussed.
This is followed by a perspective on the chemical effects of the topological materials.
7.2 Challenges and future perspectives
It is exciting to see that many reactions can be catalyzed by topological materials,
from the simple one-electron transfer HER to multi-electron transfer reduction. However,
many questions still need to be addressed. The biggest challenge is the direct observation
of the contribution of the topological properties to catalytic reactions. Although theory
can help us identify and track the evolution of TSSs and electrons in the reaction
processes as discussed in this Ph.D. thesis, it is still technologically limited to prove
the hypothesis in solutions, including STM and ARPES. Another inevitable problem is
the surface modification of topological materials in the measurements, such as surface
oxidation and the appearance of defects. Such surface modification is not always bad
for the catalysts; they are sometimes responsible for the optimization and enhanced
catalytic activities. Thus, it is liable to make a wrong conclusion that the topological
band structures are not one of the decisive factors in understanding the catalytic
behavior. Fortunately, the catalytic behavior of a given catalyst is still determined by
its bulk band structures, albeit, strictly speaking, they are "pre-catalyst" as suggested
by the catalysis community. Of course, one should thank the robust, adjustable, and
deep depth penetrated TSSs, endowing the topological catalysts with high stability and
anti-surface modifications. We are also optimistic that with the increased resolution
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of nano-ARPES and in situ techniques such as scanning electrochemical microscopy,
it is possible to track the evolution of topological properties visually in the catalytic
processes. Understanding the catalytic reactions at the atomic and electron scales will
open a completely new field for topological catalysis, for example, the separation of




Topological Fermi arcs effect on HER
activity
In chapter 3, we have shown that the topological Fermi arcs derived from the
d-orbitals of the transition elements play a decisive role in the excellent HER catalytic
efficiency in chiral crystals. Herein, we present more details about the effect of topolog-
ical Fermi arcs on HER activity.
Figure A.2 displays the most energetic favorable configurations for H adsorption on
(001) surface of chiral crystal catalysts. We found the H prefers to adsorb around the
uppermost surface Pt atom of PtAl based on the specific distance measurement shown
in Table A.1, but with a slight shift away from the top position of Pt, this situation also
works for PtGa (001)-H and RhSi (001)-H. While for PdGa (001)-H systems, the most
energetically stable site for H adsorption is also closest to the uppermost surface Pd
atom, but it obvious shifts off Pd atom. The Ea of -0.099 eV, -0.098 eV, 0.166 eV, and
0.352 eV are obtained for PtGa (001)-H, PtAl (001)-H, RhSi (001)-H, and PdGa (001)-H
imply a relatively weak adsorption strength in comparison with the corresponding
pure metal catalysts with Ea of -0.27 eV, -0.30 eV, and -0.33 eV for Pt, Rh, and Pd,
respectively [85]. After the H adsorption, the position of topological bands along the
M̄ -Ȳ -Γ̄ path of the surface BZ decrease as indicated in Figure 3.7(c), indicating the
occurrence of charge gain for topological Fermi arcs. Besides, the FSs as shown in
Figure ?? has a significant change but left its topological characteristics unchanged, it
implies the participation and robustness of the topological Fermi arcs in HER. To get
a deeper insight into the interaction mechanism between the substrate and adsorbed H,
the charge density difference of PtAl (001)-H system is calculated, see Figure 3.7(d)-(e),
the obtained results indicate that the charge depletion and accumulation happen on
the surface Pt atoms and the adsorbed H. respectively. Therefore, all results including
adsorption energies, band dispersion, charge density difference, as well as Tafel slope
analysis in the main text uncover the important role of topological Fermi arcs on HER
performance, the partial unoccupied topological Fermi arcs originating from surface
transition metal d orbitals behave as electron acceptor, they share the part of electrons
provided by the trivial surface states, so, the interaction between chiral crystal catalysts
and H is weaken, it contributes to an optimized binding strength toward H adsorption,
making the desorption of two hydrogen atoms to be the rate-determination step, and
hence, an excellent HER catalytic efficiency.
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Figure A.1: Predicted
non-trivial energy win-
dow. The non-trivial en-
ergy windows are high-
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Figure A.2: The most
energetic favorable con-
figurations for H adsorp-
tion. The H prefers to
adsorb near the upper-
most transition metal
atom, but with different
degree shift away from
the top site of the up-
permost transition metal

















































Topological Fermi arcs without H adsorption
Topological Fermi arcs with H adsorption
Figure A.3: Topologi-
cal Fermi arcs of PtAl
(001) slab before and af-
ter H adsorption.
Table A.1: Geometry and electronic structure parameters. Adsorption energy (Ea),
calculated Gibbs free energy (∆GH∗), and atomic distance between adsorbed H and its
nearest surface M (M = Pt, Rh, and Pd) and X (X = Al, Ga, and Si) atoms of MX
(001)-H systems, which are denoted by dH−M and dH−X , respectively.
System Ea (eV) ∆GH∗ (eV) dH−M (Å) dH−X (Å)
PtAl (001)-H -0.098 0.132 1.629 3.499
PtGa (001)-H -0.099 0.131 1.599 3.230
RhSi (001)-H 0.166 0.396 1.609 3.276




Experimental procedures for W/PdGa
electrocatalyst
B.1 PdGa synthesis
In a typical synthesis, 0.52g Ga(NO3)3·xH2O and 0.212g Pd powder (200 mesh)
were mixed in 25 mL distilled waters. The solution was stirred overnight and then dried
at 80◦C. The obstained mixture was placed in a tube furnace and heated at 750◦C for
2h in Ar. The obtained product was washed with water and ethonal several times.
B.2 W/PdGa synthesis
1 mg Na2WO4·2H2O and 40 mg of PdGa carrier (corresponding to a Pt loading of
1.1wt%) were dissolved in 15 mL of water containing 50 mg of melamine. The mixture
was transferred to a Teflon-lined autoclave and heated at 190◦C for 12 hours. The
as-prepared sample was washed and dried at 80◦C. The obtained powders were placed
in a tube furnace and heated at 800◦C for 2h in 40% H2 and 60% Ar.
B.3 Materials characterizations
Powder X-ray diffraction (XRD) data were recorded with a Bruker D8 Advance
diffractometer equipped with a Cu Kα source (λ = 0.15406 nm). The morphologies and
structures of the products were characterized with TITAN 80/300 electron microscope.
B.4 Electrocatalytic characterization
The electrochemical measurements were performed in a glass three-electrode electro-
chemical cell on on an Autolab PGSTAT302N with an impedance module electrochem-
istry workstation. A reversible hydrogen electrode (Ag/AgCl (3 M KCl)) and a high
surface area graphite rod were used as reference and counter electrodes, respectively.
An RDE with a glassy carbon disk (3.0 mm diameter) served as the working electrodes
in evaluating the HER activity. The catalyst ink was prepared by blending 3 mg of each
catalyst with 100 µl Nafion solution (0.5 wt%) and 0.4 ml ethanol in an ultrasonic bath.
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B. Experimental procedures for W/PdGa electrocatalyst
A certain volume of the dispersion was loaded onto a glassy carbon electrode to result
in the desirable catalyst loading. The RDE tests were measured in an Ar-saturated 0.5
M H2SO4 solution at 1600 r.p.m. with a sweep rate of 1 mV s−1. The electrochemical
impedance spectroscopy (EIS) measurements were conducted from 100 kHz to 0.1 Hz
with a 5 mV AC potential. The amplitude of the sinusoidal potential signal was 10 mV.
The commercial 20 wt% Pt/C catalyst was measured under the same experimental
conditions. All potentials were referenced to a reversible hydrogen electrode according
to E(versus RHE) = E(versus Ag/AgCl) + (0.210 + 0.059 pH) V.
B.5 Estimation Turnover frequency calculations (TOF)
It is suggested that the electrochemical active surface area of the catalyst is linearly
proportional to the double-layer capacitance (Cdl). Thus, we measured the capacitive
currents of the Pt/C and W/PdGa catalysts in the potential range with no faradic
processes happened at various scan rates. The specific capacitance is determined by
plotting the capacitive currents as a function of scan rate. The specific capacitance
can be converted into an electrochemical active surface area (ECSA) using the specific
capacitance value for a flat standard with 1 cm2 of real surface area.



























B.6 TOF of Pt and W
We assumed that all the Pt atoms at the surface of the Pt catalysts are active
towards HER. Thus the number of active sites per real surface area for Pt can be
obtained by:
Pt ] active sites =
1cm−2
(2.812× 10−8cm)× (2.812× 10−8cm)
× 2 (B.3)






× | j |
] active sites× AECSA
(B.4)
For W/PdGa catalyst, W atoms are belived as HER active sites according to



















) × 6.02× 1023 (B.6)
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Figure B.1: XRD pattern of the as-prepared PdGa carrier. The standard diffraction
pattern was obtained from Inorganic Crystal Structure Database based on the the
PdGa crystal structure (ICSD-261111).
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Figure B.2: SEM image and EDS spectra of PdGa. (a) SEM image of the as-prepared
PdGa carriers. (b) EDS spectra of the corresponding products.


















Elem     Wt %  At % K-Ratio    Z       A       F 
------------------------------------------------------------- 
  W M    1.13   0.55  0.0068  0.9183  0.6560  1.0003 
  PdL   62.41  52.58  0.5536  0.9800  0.9051  1.0000 
  GaK   36.46  46.87  0.3727  1.0449  0.9784  1.0000 
Total  100.00 100.00  
(a) (b)
Figure B.3: SEM image and EDS spectra of W/PdGa. (a) SEM image of the PdGa
carriers with W atoms depositoin. (b) EDS spectra of the corresponding W/PdGa
catalyst.
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Figure B.4: Electrochemical properties of 20 % Pt/C catalyst. (a) CV curves of 20 %
Pt/C with various scan rates. (b) Charging current density differences plotted against
scan rates. The linear slope, equivalent to twice of the double-layer capacitance Cdl,
was used to represent the ECSA.















































Figure B.5: Electrochemical properties of W/PdGa catalyst. (a) CV curves of




































The presence of TSSs in topological materials is important for determining their
surface catalytic activity. The Green function method can be used to obtain the
SSs of a Nb2S2C semi-infinite slab by constructing a tight-binding Hamiltonian using
the maximally localized Wannier function overlap matrix derived from the 4p and 4d
orbitals of Nb, 3p orbitals of S and 3p orbitals of C. Figure C.1 presents the band
structure and SSs of the pristine Nb2S2C (001) surface under 1SOC and 4SOC. Owing
to the weak SOC effect of Nb, the band gap opening around the Γ point is insignificant,
and therefore, the nontrivial TSSs cannot be observed under 1SOC. We therefore
quadruple the strength of the SOC, the band gap increases significantly, as illustrated
in Figure C.1 (b), moreover, the upper TSSs can be easily distinguished in Figure
C.1(d). Because the SOC strength presented negligible effect on the Gibbs free energy,
as indicated in Table C.1, we adopt 4SOC strength for our calculations.
Table C.1: Gibbs free energy (∆GH∗) and adsorption energy (Ea) of pristine Nb2S2C-H
system under different SOC strengths.

















































Γ Γ MM K A L H
Figure C.1: Band structure of Nb2S2C under different SOC strengths. (a) and (c)
1SOC. (b) and (d) 4SOC. The linear crossing with the crossing point located 0.19 eV
below the Fermi level can be distinctly observed in (d)
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Appendix D
The stability of sulfur vacancy
The S-vacancy concentration is defined as the total number of S-vacancies divided
by the total number of S atoms in the pristine basal plane. In this work, a 3×3 Nb2S2C
monolayer is used to obtain a small concentration of S-vacancy of 11.11% by removing
one S atom from the basal plane. To investigate the stability of the S-vacancy, the
formation energy is defined as: Ef = ENb18S17C9 + ES - ENb18S18C9 , where ENb18S17C9 ,
ENb18S18C9 , and ES are the total energy of a 3×3 Nb2S2C monolayer with a S vacancy,
3×3 Nb2S2C monolayer, and an isolated S atom, respectively. For comparison, the
Ef for MoS2 monolayer under the same S-vacancy concentration is also calculated by
the formual of Ef = EMo9S17 + ES - EMo9S18 . We find that the for 11.11% S-vacancy
on Nb2S2C (5.679 eV) is smaller than that of MoS2 (6.767 eV), suggesting that the
feasibility of obtaining 11.11% S-vacancy on Nb2S2C.
Under acidic aqueous conditions, the water molecule could compete with proton
adsorption on the S-vacancies of Nb2S2C, we therefore explore the binding strength of
S-vacancy site towards H2O and H adsorption. The binding energies are calculated to
be -0.358 eV and -0.517 eV for H2O and H adsorbed on the S-vacancy site, respectively.
When the solvation effect is included in the calculation by using the implicit solvent
model implemented in VASPsol with a dielectric constant of 80, those values are slightly
modified to -0.329 eV and -0.494 eV, respectively. Those results confirmed that the
H2O binds more weakly than H on the S-vacancy site. Hence, the S-vacancy sites are





After calculating the projected Berry phase (PBP), we perform a linear regression
for the PBP vs. the exchange current density (logarithm form) and the PBP vs. the
work function for HER. The exchange current density formulas for each space group
are
SG194 : I0 = 0.1091γ − 1.704× 10−4, (E.1)
SG225 : I0 = 0.0088γ − 1.216× 10−5 (E.2)
SG229 : I0 = 4.116× 10−5γ − 1.507× 10−7. (E.3)
The work function formulas for each space group are
SG194 : W = 58.95γ + 4.233, (E.4)
SG225 : W = 10.26γ + 4.695, (E.5)
SG229 : W = 11.40γ + 4.168. (E.6)
The space group 194 has the largest slope for the exchange current density and the
work function. The exchange current density of space group 229 is nearly flat. The
work function of space group 225 and 229 are nearly parallel. The goodness of the data
linear fitting can be expressed by the coefficient of determination R2, which provides a
standard of how well the regression predictions approximate the samples. For a data
set marked by y1...yn with the linear fitted values ŷ1...ŷn, We can define the coefficient










So R2 ranges from 0 to 1. The larger the value, the better the regression model. The
coefficient of determinations of our six model are listed in Table E.1.
Table E.1: The coefficient of determination R2
Function Exchange current density Work function
Space group 194 225 229 194 225 229
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